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INTRODUCTION

This conference was oryanized by the NACA to
acqualint alrplane designers with the roesvlte of
wartime rescarch congidered to he of Intercet in
the design of personal aircersft and to discuss
current and proposed NACA rescerch projects
eppliceble te lignt atlrplancs.

The technical papers pressnted at the con-
ference were nccesaarily hrief snd arc reprcducsd
herein in the samc form as taecy were given in the
interest of prompt distriduiion. The original
rrecentation and this campilation arc cone’dered
&8 complenentar; to, rather tin grbstitutea for,
the Conmitieets complets and formal reports. A
number of repcrts ussd as refsrenceg herein, which
were orizinally issucd in clussified form, urs now
declassified and are belng printed and Alstridbubed
a8 NACA Wartime Reports.

A list of the conferecs is includcd.

NATIONAT, ADVICCRY
COMMITTEE FOR AWRONAUTICS
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FLYING QUALITIES
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HISTORY AND SIGNIFICANCE OF MPASURED
FLYING GUALITIES

By Melvin N. Gough

The flying qualities of an alrplanec may be defined as tae
gtability and control characteristics that have an importuznt beuring
on ths safety of flight and on the pilot's Impressicns of the euco
of flying and mancuvering an airplane.

The endeaver to develop a systemstlic oquantitative measurement
of flying characteristics has. been entered inlto cntlusiestically
by producers, englncers, overators, ani pilots allke. All have
ayrreciated the necessihty to evaluate the hitherto unsatisfactory
relative opinions of pilots regarding their {1light cxperiences.
Pilote themcelves desire a more fectual method of expression: and
engincers reouirs quantitative informatlon for knowledie of exloting
desizns and futuvre developments.

In the past, intercet in this diraction was slsec evidenced

by the Guggenhcim Safe Airnlane Competivlon, the Cad aafeoty program,
the work of the Aimy and Nuvy testing ceunters, ond the regenrch
pregrama of the WACA. There have been many coentribntors ~nd much
logical developmimt., The increased reed for recerding inutrumenta-

ion was apperent as more gpocific measwrements of centrol acvoecmbo
and resulting ocirplane motions were required. The KATA conbinmed
to spply its fecilitiss to the development of the neesseary inastiu-
mentation and the accumulation of gpeciflc duta, and at the beglimning
of the war had sssemblad complete quantitative infermation on twelive
alrplanes, inrluding five of the private-owmer cr lizht-airslanc tipe.
From the fand of information accumrlated in these teaote, it wos
possibly, cerly in 1941, for the NACA to prepere a soht of roanivoments
for satiefuctory flying qualities in torms of quantities that hnd
been moasured in flight and cculd be caleculated by englncers and
could even be predicted from wind-tunncl teste.

When this country entered the war. all NACA facilitive wore
directed to the immediate war effort. The Army and Nevy revised
the genoral NaCA Flying Qualities Spec’ficatlonc to theilr irmedistbe
gpecific requirements, end lovked to the FACA t- cuntlnus ite
Investisgaticns on existing ond new military sirvcraft. Manufacturers
of militery desims were fumiliarized with the informntinn then
avallable. 7 the cnd of tho war the total number of acirvplance
teetod was increased to M4 at the Langley Loborntory ~nd to 16 at
the new Amue Laberatory.



Tris vast experience is now availeble to all. The goneral HNACA
specifications vere continually modified and expandsd as necessary
in the light of new developnents and are now In the form of an
NACA report (reference 1). It and many other reports of epecific
measurements made on alrplanes are to be released for general use.
The NACA regquirements, as they now exist, are to be considered nag
a very minimum, which, when met, give rcasonable agsurinicoe that
the airplane will be safe to fly and decirable from tho pllotts
gtandvolnt. For a light airplane, which may be flowm by unsiilled
pilote and which must meet unusually high standards of flight safoty,
it will be desirable to obtain characteristics superior to those
gpecified.

Tt is of interest to note thut not only does thers now oxist u
better understanding of why an airplane handles as 1t does and what
ig belleved desirable, but a new terminology and o sratematic
approach understandable to beth pilct and engincer has toen developcd.
Even in the sbesence of gquantitative measurements, thu relative
cpinions of pilcts fariliar with the requlrements arc ~f greater
valus.

Throughout the day, other epeskers will discuss same of the
specific engincering aspects of the existing knowledge of flying

REFERENCE

1. Gilruth, R. R.: Requiremente for Satisfactcry Flying Qualilios
of Alrvlancs. NACA ACR, April 1941,



FLYING OUALITIES REOUIREMENTS FOR PERSONAL AIRPLANES

By Willi=am H. Phillips

A great deal of rosearch work has been conducted during the
war years Lo determine reguvirements Tor satisfactery flying
qualities of airplanes. While previously thore was conslderable
speculation as to the fiying characterietics degired in azn alrplane,
it is now posaible *o specify in gquantitative termo the minimum
requirements that an airplanc must meet in order to be considered .
setiefactory from the pilot's standpcint. These requirements were
get up as a result of experience gained in testing all types of
airplanes, including five light alrplanes. The requirements may
therefore be used with confidence by the designer ¢f personal
airplanes to arrive at a design with sutisfactory stability and
control characteristics.

The requirements mey be listed under the general headings of
longitudinal stability and control characteristics, lateral stability
and control characteristics, and stelling churacterisilcs., Table T
presents a list of the factors considsred in the roquircments for
longitudinel otability and control characteristics. I would like
te point out how NACA research hes contributed to the kmowledgs of
some of these topics.

First are listed the requlrements for the ¢lovator control in
take~-off. Tests o»f numerous wind-tunnel modcls have been made with
a ground-beard in place in the tunnel to determine the ability of
airplancs of varicus desizns te meet this re¢uireaent.

Next are the reguircments for elovateor control in ateady
flight. As a rusult of an aralysis that has becn made of the
Tlight tegts of mumoerous airplanes (rofercnce 1), 1t is now
pogsible tc predict fram the airplanets dimensions the power-off
static longitudinal stabllity of an airplanc, and hence the bagic
elevator control characteristics in steady light, with the same
degree of accuracy that it may be measured in flight or 1n the
wind tunnel. In additlon, a great deal of data have been
accvmulated on the effects of power on stablility, both from flisht
and wind-tunnel tests. Flight-test deata arc sunesriu~d 'n
reference 2. The control Torces reguired to Tly steadily at
various gveeds may alsmo be predicted .as & regsult of extenalve
NACA regearch on control-surface hinge momeonts and aerodynamic
balences. (For exumpls, see references 3 and 4,)

The requirements for the longltudinal trimming device ars
next on the list. A report is avallable which swmmarizes the
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recults of many wind-tunnel anl flight tects on the effectiveness
of trimming tabs. This report (reference 5) will allow an accurate
sctimation of the tab sizes to meet this requiremsnt.

The eievator control cheracteristics in accelerated 11light
have been found to be very important in determining the pilot's
cpinion of an airplane. Quantitative limits for the control
motions and force gradients necessary on airplanes of wany
different types have been determined from flight measureoments.

A new airplane may bte designed to incorporate these characteristics
by the methods described previously .

The characteristics of the uncontrolled longitudinal motion
are considercd next. It mey be of interest to mention In passing
that the charscteristics of the long-period, or phugnid oscillation
of an airplane have been found to ve relatively unimpertant. The
extensive thecretical work conducted on this subject in the past
therefors has little bearing on the subject of flying quelities.
Scmetimes the short-period-oscillation charecteristice of an
airplane may fail to weet the requirements, however. Recent
reports are available which describe flight experiences with
unsatisfactory cheracteristics (reference 6), as well a3 theoretical
analyses to show how to avold the undesirsble characterlatics
(reference 7).

Trim changes due to power and fleps are limited to definite
quantitative values in the requirements. The light airnlene
menufacturer should be encouraged to rote that in the case of
geveral fighter-type alrplanes, where the problems of reducing
the control force chenges due to flaps and powsr are ruch more
difficult than for e szmaller airolans, designs with very small
trim changes have been developed as a reault of wind-tumnel and
flight tests. The nroblem of reducing the trim chenges 1n the
case of a light airplane should thersioro be fairly sasy.

The elevator controcl characteristics in landing are specified
in the final longitudinal requirement. A report is avallable
which presents a method for calculating the elevator angle required
to land (reference 8). This method has bteen developed frem an
analysis of the results of flight tests of numerous airplanes.
Fxtensive wind-tunnel date are also aveilable on this subject.
The elsvator angle required to land is of importance because thia
is frequently tue most critical requirement for elovator effectiveness.

Table T also shows the requirements for lateral stability and
control. The requiremsnts for aileron control characteristics are
expresssd quantitatively in terme of the minimum value of the
helix angle gencrated by the wing tip in & roll. This requiremnent
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was set up before the war, and numerous subsequent tests have
confirmed its validity. A summary report on NACA lateral-control
ressarch has been prepared (reference 9). This report contains
sufficient data to allow the dssign of satisfactory ailorons for -
any type of airplane.

Ths yaw due to ailerons should not exceed a certaln umximum
value. This requirement has been found to be a critical one iram
the stendpoint of directional atability. Ordinarily chunging 'hw
aileror design does not greatly reducc the adverse yawing moments
at high Lift cocfficients.

The rudder and aileron trimming devices mny be-deslgnsd *o
meet the requirements in the same menner as the longitudinal
trimming devicea.

The next recquiremonts apecify the limits of rolling noment
due to sideslip, ordinarily kmown as dihodrol effect. Sevoral
flight investigeilons made with afrplunss ol variocus plan rorms
and different smounts of geometyic dihedral have shown the
allowable limits of dihedral effect for satisfactory flying
gualities. ‘

v

The rudder control characteristics are conagidurod next in
the list of requirements. The rudder must perform many functions
besides simply providing directional trim in the vorious flight
conditiona. These functivns iaclude offsetting the adverse aileron
yewing moments, providing satisfactory control in uildwslips,
providing adequate spin recovery, providing satisfuctory control
during takc-off =nd landing, and offsctting the yawing momont dus
to asymetric power on o multiengine airplono. A great deal of
research has been done to determine the rudder configurctlons
requirsd to catisfy these requirements and in later lectures the
design criterion for spin recovery will be discusscd in morc
detail. It hos been shown by flight tests that the rudder erfuc-
tiveness roquired for take-off and landing is detormined by
neny factors other than the design of the ruddsr.

The yawing moment dus to sideslip or directional stability
must be sufficient to meet certain requiremsnts for providing
satisfactory sideslip characteristics, limiting the gsideslip in
rclls due to zileron yawing moments, and providing adequute
gtability for flight with asymetric power. A largo amount of
directional stabillty has never falled to be beneficlial to the
hendling chzracteristics of an airplanc. Design data ars available
to allow estimation of the tail size required to provide adcquato
directional stability, as will be discussed in a luter puper. Tho
crosg=-wind force charncteristics and the piltching moment due to
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gideslip, beth of which are charecteristics measured in steady
sideslivs, form the subject of the next roguirement. ‘Whe pltching
moment due Lo siduslip should be smull =g this Teclor mey lead to
inadvertont stalling. Typical flight reasurementis of satigfuctory
gldeslip characteristics are shown in figure 1. The final require-
ment for leteral stebility and control is conceined with the
uncon*rollicd lateral and directional motion. Tho resulta of Llight
tests have been used to establish thesc requirenents wnd & groul
deal of thecrstical work performed by the NACA is avsilsble to
eneble the deaigner to predlct these characteristlics (reforence 10).

Tume does not permit a detalled discusslon of «ll the
requirements. The characteristices of a personal airplaue should,
in generul, be supsrior to the minimum requiren:nts for satiefactory
flying quelitles. BSome of the cheracteristics that are believed
very desirable in & light airplane og & resuit of NACA regorrch aren
ez followa: <the static loaglitudinel stebility in all flight
conditions shovld be lurge, so that the pilot will be werncd of
the apprcacz to the astall by the rearw:rd poaition of the elick
at low flight specds. The stick-force gradicnts in straight flisht
should be stable and should be sufficlertly lerge cenpared to the
control friction so that the gtick will kave ¢ definite contering
tundency. The force variation with cce=leration in accelorated
flight showld be botween 7 wnd 10 pounds Der g. The treim chanze:
due to changing flap or power conditvion should be very cmrll.

The =ilsron control effectivencss shouid be svificicnt Lo
provide & helix angle of the wing tip of greater then C.07 rrdicn,
The ailoron forces should be light, but sufficiently large compered
to the rriction to give the control stick a definite cuntering
tenisney. The directional stebility should Dbe large. The rudder
control should be sufficiently powsrfnl to overcoms alleron yaw.

Thoe s3alling: charscteristics of o porsonel-typc airplun. are
very important. The gtell should be preceded by edoquite WLITLING
in ‘*thc Torm of buffeting of the cirplens ond by & muriked Incroii:
in recrward motion ir the stick end pull force =& the stoll io
approsched. When the airplone is stzlled, thera ghould be ao
rolliing inctability in eny flight ccondition, even with the otick
held full haclk. This charactoristic wus oblalned by roelotive Ly
minor modificutions to a typical light alrplane ut the NACH
(refersncs 21).

T2 comclusion it may be pointed out that a large emount of
information hns beer accumuleted both on the requlrements for
sutinfactory Slying ouclities and on the means fer designing an
airnizne to incorporcte these flying qualitlies. As o wesult, it
1s belleved poesidle to design en alrplene of the perroncl-alrpune
cateoory with the assurance that its flying gualitics will be
satizfactory.
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Table I - OUTLINE OF FLYING QUALITIES REQUIREMENTS

1. Requirements for Longitudinal Stability and Control:

A

B
C
D
E
F

Elevator control in takeoff

. Elevator control in steady flight

. Longitudinel trimming device

°

.

Elevator control in accelerated flight

Uncontrolled longitudinal motion

. Limits of trim change due to power and flaps

G.
11. Requirements for Lateral Stability and Control

A.

B.

I

x @ »®» 9

-

Elevator control in landing

Alleron-control characteristics

Yaw due to alilerons

. Rudder and aileron trimming devices

Limits of rolling moment due to sideslip
Rudder-control characteristics

Yawing moment due to sideslip
Cross-wind force characteristics

Pitching moment due to sideslip

. Uncontrolled lateral and directional motion

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

111, Stalling Characteristics
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EFFECTS OF INDIVIDUAL STABILITY FACTCRS ON
FLYING CHARACTERISTICS OF AIRPLANES

By Marion 0. McKinney, Jr.

The previcus paper by Mr. Phillivps presented & discussicn of
the flying qualities thet an airplane should have in ord:r to Dbe
gafe end easy to fly. For the sake of convenience these flying
qualities requircments may bs divided into three groups - thosge
concerned with the stability of the airplane, those concerned with
the control cheraecteristics of the airplane, and thoso concarmnd
with stalling end gpinning. The present paper will discuse the
offects of the individual stability factors on flying qualitica
concernsd with the ptability of the elirplans. The rroror deslsn
of the controls and considerations of stalling ~nd spinning will
be discusgscd in some ol the following pepers,

The NACA has conducted some rescarch during the war to
determine the effects of many of the hasic stadbillity factors on
flying qualitiss. Much of this work has beon donec in the free-flight
tunnel where it has becn found convenient and ccononical to vary
the basic gtadility factors independsntly of each other. BSuch
variations of the individuel stebility parameters erc accomplisghed
by varying the center-of-aravity position, horizontal or verticsl
tail size or tail length, and the dih-dral angle.

In the conventlonal mamner the longltudinal Fflying ocualitics
will be treated Tirst and the lateral flying qualitiee will be
treated second, '

For many yeers the lonzitudinal stability has Toen consfdered
to be primerily dependcont upon the center-of-gsravity locatlon ard
the damping in pltch or horizontal tall slz: and tell length., The
rcsults of an investisation in the frue-L1lght tumel to determinoe
the effects of ‘hese two fectors on the longitudinal flying
qualities (reference 1) are presented in figure 1. Here the pilot's
opinicns of the longltudinal steadiness (as indicated by tho
qualitative ratings: good, fair, poor, and dangcrous) arc shown aa
functions of the center-of-gravity locatlon and damping In plteh.
The center-of-gravity location is presented in tosms of the stotlc
margin which ie the dlstance in chords that the center of gravity
18 shead of the neutral point or asrodynemic cornter of the complete
airplane, The Jdamping in pitch 1s pregented in torms of the glebility
derivative Cn% which is tho rate of changs of the pitching-moment

!/
coofficlent with e pitching-veloeity facter (?C /3 9\,
o2y
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The range of values of Cmq covered on this chert rcpresent a
range of airplane configurations from the gtraight-wing taillecs
type to one naving e horizontal tall 2k vercent of the win~ arce
2 chords aft of the center of gravity.

It is anparent that the pilot of the model congidered that
the longi*udinal gteadinese ig virtually independent of the demming
in pitch and is almost entirely dependent upon the center-of-mavity
position. The ckart indicates theat if the center of gravity is
more than 0.08 chord ahead of the aercdynemic center of the
airplane that the longitudinal steadiness will be ¢ocd. This
conclugion has been supported by full-gcale fliyht tusts.

Similar ilnvestigations have been made to determine ithe
effucte of various basic laiveral stability factors on the lateral
flring qualix+es The reeuits of an invegtigation in the free-
flight tunnel to determine the effects of dihedral ansle and
vertical-tail area on the laieral flying qualiiies are presented
in figure 2, This chart was prepared from date presented in
reference 2. The pilot’s opinion of the latercl flicht behavior
ig presented as functions of the directionsl stability and effcotive
dihedral. The dlrectional stability is cxpresced in terms of tho

nondimensional stability derivative CnB ()Cn which i3 the rate
\ 2

of change of the yawing-moment coefficient with anple of sideslip

and the range of values of Cq ng covered on the chart repregont

vertical talls from approximately O to 30 percent of the wing
arca located one-helf of the wing spen aft of the cunter of gravity.
The effective dihodral is expressed in terms of the stability factor

CZB (%gé) which i3 the rate of change of rolling-moment cocfficicnt
4
with angle of giduslip, and the range of values of CZB covared

on the chart represent approximately effective dihedral angleg
from -10° to0 200°.

It is apparent that the pilot thought thut *he model had the
best lateral flight behavior when 1t had a small posltive ¢ffective
dihedral and high directional gtability.

Tt wes believed that this chart pressnted n picture of the
most fmportant problem in obtaining good latorsl flyvina qnuelitios
. beczuse ‘hese two paremcters (dihedral effect end dirocticnal gtebility)
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are the primary factors affecting laterzl stability. Invostigations

were mede, however, to determine how variations of certain other

lateral stability parameters would aifect the flight behavior
bounderies presented in figurc 2. The factors inveatisnbed were

wing loading, mass distribution,urd the aerodrnamic paremsters
concernsd with the lateral ares and damping in ynw of an nirplane.
The results of these investigations ere presented in references 3 to &,
In brief, these Investigations showed that there was virtually ne
effect of reasonable changes in these factors cn the flight behavior
bovndaries of figure 2. :

Although the flyingz gualities requirements do not especify that
an airplane should be spirally steble, it 1s realized that gplral
stability might be a desireble feature for a pergenel owner alrplane
80 that 1t might be completely stable and capubdble of flying iteelf
to the greatest possible extent. he spiral stability problem of
light airplanec was therefcre analyzed. It was found that 1t was -
not nossible to have epiral stebility over the ertive speed range
and still have good lateral flight behavior. It is possihle,
however, to havé spiral stability in the high-spocd and cruising

conditions and still have good lateral flight behavior it the

airplane were so designed that it would fall near the rizht-hand
brenck of the zood flight behavior boundary of figure 2.

From these considerations it may be crncludcd that 1T the
minimum satisfactory size vertical tail is to be uscd un airplane
gheuld. have about 5° effective dihedral C7B = -0,N01) and v

directional stubility corresponding to a value of CnB of 0,002

which represents a somswhat largor tuil then 1s pencrally used on
current light alrplancs.,

Figure 2 hus been correlated with the results of lying qualitics
investigations of quite a few full-gcale wirplance and has hecn
found to be in good agreement with the full-gcale flight testa.
That is, if the effesctive dihedral and dlrcctionul stability of an
airplane would place it in the good flight behavier reglon of thie
chart, it will have good laterol flying gualities.

Tn order to illustrate the effects of incrossing the dihedral
angle we may rcfer to scme flight teste made by tho NACA on a 11ght
sirolune several yeare aso (reference 7). The four symbols on the
caart (£1g. 2) ropresent the locations of that alrplanc on the chart
as the dihedral angle wag varied from 0¢ to 37 to & and 9%, With
the smallest dihedral angl: the sirplane wos found to fly the bost.
A3 the dihedral angle was increased, the flying charactoristics
became worse. With 99 dihcdral the flying charactoristics were gulte
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poor, primarily because of the adverse yawing due tn rolling and
aileron deflection which caused rolling mements ~f rbout the sane
magnitude as these caused by the allerons, thus caucing the airplane
to be very &ifficult to fly.

Tn order to illustiate the effects of chonging the vertical
£a1l arca figure 3 was prepared. The calevlated rolling and yaving
velosities fellowing an abrupt rolling mement (such as might be
produced by a rolling gust or by en aileron glving & pure rolling
moment) are shown as functlon of time for an atrplane with two
vertical tails - a small tail, CnB = 0.00042, and a larger tail,

C, = 0. 00168. The airplane with the lerger tail voaches 1ts
N | rpl

maximum-rolling veloecity in sbout 1 ssecond and holds that rolling
velocity fairly steadily. The alrplane with the smauller tall, however,
never reacned & steady rclling state. The Initial adverse vawing

was greater for the alrplane with the smaller tall, znd the angular
sccelerations (as indicated by the slopes of thece curves,

d_z and %‘Et‘\l;were greater for the alrplane with tho amaller tall.

Y _

It may therefore be concluded that the airpline with the larger tail
would heve the better respense to its controls and would ride

smoother through a series of rolling gusts.

There are other factors which affect the fljing quallitics,
such as the control and stalling choracteristics which have not
been congidered in the present paper. It 1s neceesary, howaver,
thet an airplane have certuin basle atablilty choracteristlcs in
crder to nave satisfactory flying quelities. IT socems, at present,
thet the problem of obtaining thesc baslc gtebility characteristics
can be reduced to a consideration of three factors. The center of
gravity must be far cnovgh ahend of the aerodynsmic center »f the
sirplene to obtain good longitudinal flying qualitles, and the
dihedral angle and vertical tail aren uuet ho properly preoportioned
o obtain -goecd lateral flying qualitles.

SYMBCLS

Cm rate of change of pitching-mumont confficiont with pitching

g
i irgr me
velocity factor ———
()q;?.
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rate of change of yawing-mement coefTicient with angle of
/-
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sideslip \ -—E}
36,

rate of change cf rolling—momeht coefficient with angle of

sideslip (é&d)

3p

s 1 s axsans (M
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yawing.-moment coefficlent (\w

/L
rolling-moment coefficleont ( -;—(;)
"(11:.‘;3
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\ \11..

meen” cerodymeamic chord, feet

wing cpan, feet

wing area, square feet

pitching moment, foob-pounds

vawing moment with respect to stabllity uxes, foot-pounda
rolling moment, foot-pounds

dynamic preseure, pounds per square {cou

alrepeed, feet per sscond

roiling velocity, radlans per second

yewing velocity, rediang per second

angie of sgideslip, degreos
titching moment

rollingz-momsnt with respect to stability ax's, font-pounds
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PROPCRTTONING THE AIFPLANE FOR LATERAL STABILITY

By Charlee J. Donlan

In proportioning the airplane ror lateral stability, the two
characteristice of most importance ~re the directional stability
factor C. defined ag the slope of the curve cf yawing-moment®
coe*fiCHeg% against sideslip, and tlie cffective dihedral factor

defined as the slope of the curve of rolling-moment coefficient
aggkrst sideslip. The advantages of ccwbining high values of Cp
and low valuesg of CZB have been amply demonstrated. The designB

problem is to previde the optimum r-tio of Cn{3 to CIB 2and te v

determine how both of these paramet.rs and their ratlio are apt to
change for the various flight cond:ilons encountered. The purpcse
of this brief paper is to sumarizc the design factors that
influence these paremeters and to irdicate how reliably they can
be estinmated.

The baglic forces influencing the directional stabllity of an
airplane are indicated in figure 1. The forces and moments
contributing to the yawing moment atout the center of gravity
are: (1) the propeller side force N, (2) the hasic fusclage
vawing moment Np, and (3) the gide force on the vertical tall
Lp. We have found that side force developed by the proveller
becomes important for large propellurs located ot scme distence
from the center of gravity. In eny event, however, the propeller
gide force prosents no serious desi:m problem irasmuch ag the
variation of the propeller side force with angle of sldeslip can
be vredicted very reliably and rapicly from deslign charts such
as those presented in o paper by Ribner. (See reference 1. )

The unstable yawing moment of the fuselage also can be estimated
falrly reliably elther from oxperimental recults on similar shaped
bodies or by theorlies such as Multhopp®s. (See refercnco 2. )

The side force developed by the vertical tail and 1ts veriatlon
with angle of sideslip however camnot te estimated as reliably or
as easily. The contribution of the vertical tail to directional
gtability is proportionel to the slope of the tall-normal-force
curve, which, in turn, is primerily a function c¢f the aspect ratio
of the tail. It must be remembered, however, that the horizontal
tall and fuselage act as en endplate which may caunse the effective
aspect ratlo of the vertical taill to differ from its goometric
value by 50 percent or more. Conscquently, it is rather Important
to egtimate how large the endplate effect may be. Methods for
dolng this are discumsed extensively in papers by Pass (reference 3)
and Murray (reference &) ’

v o
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™e effectivenene of the vertical tall 1 aleo influenced by
the sldewagh assosiated with the flow about the fuselage-wing con-
bination. We have fowmd that the sldewash is generally favorable
for low-wing airplanes ani adverse ivr high-wing alrplones. The
gidewash eftf'ect 1s Important and should be taken intc account in
estimating the directional stabllity. Methods of eatimating thils
effect together with the cemplications introduced by Flops and
nower are discussed extensively 1n several of the papers now
available to you.

Tn additicn to supplying adequate stability at mmall angles
of sideslip, we have frequently found *t necossary to increase the
effectiveness of the vertical tail at large angles of sidesllp.
One device commonly emvloycd Tor this purpose is the dorgal fin.
The typical effects producced by a dorsal Iin aro illustrated in
figure 2. In thls figure the yawing-momont cooi'ficient C, is
plotted as a function of the sideslip angle B for an alirplone
with a vertical tail used in conjunctlon with a dorsal fin. You
will notice thet whereas the vertical tail without the dorsal fin
becomes ineffective at an angle of gideslip of about 159, the
vertical tall in combination with the dorsal fin retains its
effectiveness out to 30° without any detrimental effects at amall
engles of sideslip. The asymmetry of the curves 1s caueed by
the propeller slipstreem and 1s typical of the effects introduced
by pover.

The dihedral effect exhibited by alrplenes is, cf course,
closely asscoclated with wing position, but fairly rellable egtimates
can be made of the effect. In general, high-wing arrangements
exhibit greater dihedral effect than low-wing arrangements. The
magnitude of the intorierence sffect ig 11luatrated in figure 3.
These Eesults were taken frem refercnce 5 eand are for en aspect-

ratio 6 wing with no gocmetric dihedral. Tho ordinatc on the
left is the effective dihedral paramcter ng and the equivalent

geometric dlhedral arngle is given on the right. The relative wing
position is represented along the horizontel axis. It will be v
roted that the high-wing position 1s equivalent to about 5¢ of
effective dihoedral and the low-wing positicn about -5°. The
fuselage cross-sectional. shape appears to be of minor importance.

~ Any dihedral effect introduced by setting the wing at a
given geometric dihedral angle cen be added to the basié arrange-
nent. We have found that with low-wing arrangements that the
dihedral effect is reduced when power is applied, dut the effect
depends to a considerable extent on the amount of wing imersed
in the elipstresm. Tor high-powered alrplancs, the power effect
on dihedral can be extremely pronounced when flaps arc immersed

v
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in the slipotream and many service types exhibit negativs dlhedral
effect in the full-power, flap -down condition. For low-powored
airplenes, the sffect is probably unimportant.

fe)

a ™

SYMBOLS

slope of curve of yawing-moment coefficient against sidenlip

glope of curve of rolling-mcment coefficient asgainst
sideslip

yawing-moment cnefficient (1i/qbS)
rolling-moment coefficient (L/qbS)

propellecr side forcu, pounds: also, yuawing moment with
ragpect to gtability 2 axis, foot-pounds

rolling-moment cocfficient with respect to gtability X axls,
foot-pounds

basic fuselag: yawing moment, foot -pounda
gide fores on verticel tail, pounds
total side force, pounds

thrust (Sce fig. 1.)

wing 1if't, paunds

wing span, Tect

wing arca, squaro feet

dynamic pressur:, pounds per £quare foot
sidesllp angle, degreos

angle of barnk, degrees
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DESIGN OF CONTROL SURFACES

By Thouwas A. Toll

From the year 194l to the present time, a conaiderable amount
of reseavch related to contrcl-surface design has been performed by
the NACA laboratories. During these ysars wo havu been primarily
intercsted in the developwant of control surfaces capable of
providing high maneuverability at high speeds with reasonably low
control forces; consequently, the problem of control-gswrface hinge
moments has been at least as important as the problem of control-
surface effectivencss. In the ujual case, the orfoctivencss could
be predicted quite accurately fr-m information thut was avallable
in 1941, but the factors afrecting control-swriace hinge monents
were not well understood. The greater part of recent research
effort in control-surface desigm thorefore has boen directed toward
the genoral problem of hinge moments and, in particular, toward
methods of obtaining asrodynamic balance. A large part of the
following discusalon is concerned wlth the application of the
resulta of recent ressarch on hinge momsnts to the design of control
gurfaces for light aircraft.

Figurs 1 shows hinge-moment characterist.cs of a typlcal control
suwrface., Values of the hinge-moment coefficlent are plotted egainst
control-surface deflection for various fixod angles of attack, For
most plain (or unbalenced) surfaces end for surfaces with well-
designed balances, the variations of hings-moment cosfficlent with
angle of attack and with deflecticn cre approzimately linvar over
modsrate ranges. Over these moderate renges, thereiore, bthe
hinge-moment characteristics of a glven control surface may be
specified by two paremeters - OCp/da, which is the variatlon of
hings-momens coefficient with angls of attack and OCpL/0®, which
15 the variation of hinge-meoment coefficient with dofloction. Control
characteristiss for many flight conditicns may be oxprogsed mathe-
matically in terus of these tuo purametors.

4

Figure 2 shows the reletion of tho hinge-moment perametors
for certzin elevabor contrul characieristics for a typical uirplane,
In this flgurc, valuss of oCp/% are given on the ordinate scale
and veluss of OCp/0b are given on the abscissa sculo. The solld
line is tho boundery for static stability in level tllght and is
ths conditlicn For whicha there ig no variation in sticit forcs for
chenges in spued from the trim condltion i lovol flight. Com-
binations of thoe hinge-moment paramctors that would be represented
by points in the region abuve this boundary woeuld givo a ctably
variation of stlsk Torce with specd, wioreas comblnatlens of the
hings-moment paremeters that would bo ropr.3ented by points in tho
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region balow this boundary would give an unstable variation of siick
fores with speed. The dashed line 1s the boundary for rancuvering
gtabilit, and is the condition for zero variation In stick foreo
with ckaarss in normal acceleration in a pull-up or a turn. The
region atcve this boundary repressnts conditicns i'or a stable
variation of stick force with normal eacceleration and the reglon
bolow tihio boundary represents conditions fer an wnstabls wvariation
of stick Fforce with normal acgeloraticn. The slopsy of touse
boundaries were calcuwlated by the methods of reference L fur a
particular center-of-gravity location on a typical airplans. The
slores will vary with the difforent center-of-gravily locations
that mizht exist. A point that reprovesnts a combination of hingo-
momsnt-paratstsr values for a typical plain elovatcr is shown on this
plot. The location of this point relative to the two boundaries
indicates that such an elevator would provide stabls stick forces
elther in level flight or in maneuvers. The amount of stablility,
however, is proportional to the dlstance from ths boundariaes . te

the point represeniing the elevaetor. VFor light alrcraft, tha

stick forces should be highly stable eond, trercfore, it muay be
desirebls to alter the hinge-moment puramoters of the vlevator

in crder to move the point representing the olevator farther

from the boundarics.

Tho values of the hingu-moment purameters can be altered by
the addition of asrcdynamic balance. Most balonces cavge a dscreasc
in the nagative valucs of both of tho hinge-moment purameters. 1t
siould be noted thei a decrease in the ncegative voalus of GCh/Ga
is favorable for slsvator control provided thai it is not accompeincd
by tow great o decrease in the negative valie of 3Cy, /35,  einco
the objoct Is to move the point ferther from the bounduri:s. In the
cagse of the rudder, it also ssems desirablc to decrehse "o DOEALIV.
value of ACp/O¢ above the valus for a plein rudder wil.. still
mainteining a hignh negabtive valus of /A8, The vidus of JChfoa
for tie rudder never chould be ralissd much above zeiw, owever,
bscauss nositive values of ihis parametor mey caucy wnuking oscll-
laz7ions with coutrols free. (Sus references 2 and 3.)

igvrs 3 shows how the values of the hinm-wownt porometers
of & cenirol sarface arce alfected by the addliion of Wi w3 kinds
of asrciynamic Lalirec,  The character.oticn ol o’ Y
balane i devic.s havo boen inveatigntsd extonoivel,
dizmcuracd in d.tail in reports taat now arc boling el
reieriness % oo 7.)

e

)

Tigurs 3 shows thab the wddition of an unshicldsd horn balance (A)
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covges & negligible change in 3Cp/2 for a given changs in  dCy/05.
Other devices, such as the beveled trailing edege (B), the symmoirical
overhang bhelances (C and D) , and the scaled internal balanco ()

have intermediate efiects. The shielded Lorn balauce end the Jrigse
balance canno: be represented very satisfactorily by this typs of
chart because their characteristics are very nonlincar. Thoir
effects on control forces however are similar to the effects of tho
symme trical overhang balances. '

From considerations of ease of ranufacture end maintenance the
unshielded horn balance (A) , the symristrical overhang talances
(C and D), and the Frise balanco protably are of greatest intorest In
light-aircraft design. The most desirabls type of balance for a
given control surfacs can be selscted only alter making o thorough
study of the required functious of tho control suriece but, !n
general, for lizht aircraft, tho wns!ielded herm balance ig beat
suited to olevutors or rvdicrs and thy Frise or symmetrical over-
hang balances are vest suited to allecons.

Figure 4 shows how the addition of asrodynamic balence to the
elevator of a iypical light alrplans affects the stick forcs pur
mit normal eccsleratisn - commonly called tie atick force por o1 -
over o range of center-of-gravity locations. For the plain slevator,
the force per g varies from a high positive value to o ouall no sative
value as the center of gravity i3 moved from 20 percenl oo lne wean
asrodynanic chord to 40 percent of the mszn aerodynumic cherd.

The addivion of a round overhung balence mekes the foerces low
throughout ths centor-of-gravity range, wiile the addition of an
washielded horn balancs raises the forces through ths greater port
of the center-cf-gravity range. The force per g can by ralssd by

a constent increment throughout the cenier-cf-graviiy rame by
attaching a bobwslght to the control stick. The efrect of a bob-
woight is illustrated in figure 4 for the cace of a plaia clevaior,
tut similar offects weuld be obtained throven the wze of 2 bobweight
in conjunction with either of the balanced sluvabtors. 1t i3 eV ident
from these results that a considerablc amount of control over Uhs
force por g is available through the use of aerodynimic balauce or
& bobweight.

The problem of aileron balence is influenced to a large vxtoent
by the dimensions of the ailerons end by the deflection rangs.
Figure 5 shows combinations of gpan, chord, and deflection range of
plain ailsrons that should be capable of mueting tho rocuirement
Po/2V = 0.07 with no regerd to control force. Thy ailirun cherd
a3 a fraction of the wing chord is plotted agaiast tho alleron
gnan ag o fraction of tihe wing semispan., If a 130t Llnp is to
te used inboard of the ailsrons, it may be desiruble to resirict
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the ailerons to & small span. Figure 5 indicates that the require-
ment pb/2V = 0.07 can be met with & very small aileron spen
provided the aileron chord is of the order of 0.30 to 0.40 of the
wing chord and the total deflection range is about 40°, Increases
in the total deflection range to above 40° are of very little
benefit because aileron effectiveness drops off rapldly at the
higher ailsron deflections. Although the pb/2V requirement can
be met with & small-span, wide-chord alleron, flight experience
(reference 8) has not shown much promise for such ailerons,
principally because they exhibit undesirable floating tendencies
in sideslip. Careful design of the allerons with regard to thelr
hinge-moment characteristics may, however, provide some improvement
in this respsct.

Although it is possible to meet the requirement of a pb/2V
of 0.07 with widely different alleron configurations, the stick
forces at a glven speed may veary considerably for dlfferent allcron
configurations capable of providing the sams value of pb/2V; or,
conversely, for a given stick-force recquirement, tho speud at which
that requirement can be met depends largely on the alleron con-
figuration. This is illustrated in figure 6. Figure 6 is pro-
sented in a form similar to that of the preceding figure, and the
solid curves which represent total aileron deflection of 20°
and 40° were taken from the preceding figurs. The dashed curves
show the speeds at which a atick force of 10 pounds is required
to give a pb/2V of 0.07 for a typical airplane with no aerc-
dynomic balence on the ailerons. In order to meet this requircment
at a speed higher than that given by the dashed curves soms aero-
dynamic balance must be used. The wing span of the airplene 1g
35 foet and the aspect ratio is 8. The stick-force value of
10 pounds is rather arbitrary. A forco as high ag 30 pounds may
be acceptable, but a much lower force is desirable providod the
friction is not so great as to prevent the ailercns from returning
to their trim pcsition if they are deflectud and then roluased.

It should be noted that the speeds at which tho requirement
of a force of 10 pounds for a pb/2V of 0.07 can be met are
congiderably lower for the wide-chord, shori-span ailerons than
for the narrow-chord, long-span allsrons. For vxampls, 1i there
i3 no obJjection to the use of an aileron span of 70 purcent of tho
wing semisgpan, the requiremcnt can be met at 150 miles per howr
with ailerons heving & chord of 1h purcent of thu wing chord and
e total deflection range of 209, For most light airplancs, therc
would be no necd for asrcdynamic balance with such an ailcron
econfiguration. If a 1ift flap is to be employsed on the airplane,
the alleron spaun probably would have to be shertened considerably.
Assume, for example, that the aileron span is to be shortunsd to



35 percent of the w.ng semispan. Thls will necessitate an incroase
in the deflecticn rangs, the aileron chord, or poesibly, increanes
in both. If the aileron chord is maintained ccnstan', the doflec-
tion range would have to be increased to abcut 40©, For this
configuration, the requirsment of a force of 10 pounds for a

Ph/2V  of 0.07 could be met up to a spsed of about 100 miles per
houvr. Aerodynamic balance would be neceded if the requirement is

tc be mot at a higher speed. If the d:flection range is maintained
at 207, the aileron chord would have to be increased to about

37 psrcent of the wing chord in order bto obtain the desirsd ailsron
span. For this configuration, a etick force of 10 pounds for a
pb/2V  of 0.07 would occur at about 65 miles per hounr. It is
evident from the foregoing example that aerodynamic balance may be
needed if short-span ailerons are used. '

Latoral-control devices that can be used in conjuncticn with
full-gpan 1ift flaps heve been of interecst for many ycars. Spoilera
type devices seem best sulted to such arrangements, Figure 7
shows four such:dovices. Data on thesc and other duvices sultable
for use with full-span flaps are conteined in reporus that now
arc being released. (See references 9 to 18,) A collection
(reference 19) has boen made of the most pertinent Information
given in the wvaricus reporte. The first two of tho devices shown
in figure 7 - the hinged-plete speiler and the retractable-arc
spoilsr - are considered to have undesirable charactoristlcs in
that small projectiong of these devices above the wing swface
may produce little or no rolling momsnt whils slightly larpger
projections may cause very large rolling moments; and, uwnloss
the devices are located very far back on the wing, a noticeable
time lag may occur between operation of thw device und the reaponse
caused by that oporation. In these regpects the slot-lip ailcron
is satisfactory with flaps down, The slot-lip ailsren as shown
is not well adapted for usc with tlaps retracted, however, becauso
the position of the retracted flap prohidits any downward movement
of the ailoron and therofore a rathor complicetsd linkage would
be recquired for its operation., In one full-scals installation
(refurence 11) of slot-1lip allercns on an airplane, they wore uwscd
only with vhe flaps deflected. Conventional alloronc on the treiling
adgee of the flaps were uscd with the flaps retracted. The plug
aileron (references 15 to 18), when used with a slottud flap,
scems to have satisfactory charactoristvics with flaps vithor
down or retracted. This device is deslgned in such & manncr that
a slot through tho wing ls opened as the plug ig projected above
the wing surface. The use of the slot sevoms to overcomc the
objectlonable characteristics of the hingwd plate und tho
retractable-arc spellers.
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In addition to the clevator, the rudder, and the alleron, a
device capable of controlling the glide path may boccume important
for light aircraft. Such a device may take the form of a simple
1ift rlap, a spoller, or flat plates projected into the alr sireun
to add parasite dreg. Very little work hag heen dcne o far on
the development of devices specifically for glide control, but it is
felt that the available information on Llift flaeps, spoilers, and
various kinds of aerodynemic brakes (rotrerence 20) can be utillizud
in the design of gllde-control devices.

SYMBOLS

BCh/Ba variation of hin@e-moment cocfficient with angle of

' attack

oCy, /38 variation of hinge-moment cosfficient with centrol
deflection . :

Cy hings-moment coefficient (H/qcg®bg)

o angle of attack, degrees

5. ' c:ntrol-surface deflectinn, degrees

H hinge moment, foct-pounds

q dynamic pressure, pounds per square fu-t

Cg root-mean-square chord of corntrol surface behind hinge
line, feet

bs Aspan of contrcl surface at hinge line, fuct

b/ helix angle developed in roll, redianc

o) rolling velocity, radians per second

b wing span, feet

v airspeed, feet peor second

S upward aileron deflection, degrees

F downward alleron deflecticn, degrecs
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stick forces in accelerated maneuvers for a typical light airplane.
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- methiod of predistine contrel-curface h

PRFDICTION OF CONTROL-SURTACT
BINGE-MOMEITT CHARACTERISIICS

By Charles W. Trlck, Jv.

It i3 the pwrvose of thig peper to present a renerel swmmory
f the research the NACA is ccnducting on the prediction of contreol
forces and to show how scme of the vesultc mey be apniled to the
problem of gtick-free stability for light alrcraft.

The analystz that 13 presented 1o based on recent results of
rescarch on +hjs p"oblem being dene here at the Langlcey Taboratory
and also at the Ames Laboratory.

The p”Ob’@: of rradicting the hirgo-menent characteristlics
of contrcl swriaces of finit- aopect cetlo from soction data hag
heen under qtuﬂv in tho laboratorics of the NACA Tor a number T
years, It is the baric purpoce of this roserrch to d-velop a
aso-memont characlorlistic
from basic data that il acscountbt for the wide varintioug in

agpact ratio, taper ra+io control-svriace chovds, and airfoll
scctiong which airevaf dps¢5nels it use.

veral years ago the VACA vubliszkad a meothod off hinge-mornient

"

pred i on which was Dased on whet 1s known ws "lifting-linc tlhenry.

(S o references 1 and 2.) In this thrnory the vortices whish

rCPre sLnt the lifting capsellty of the taill swrfacs arc conc.atrntod
o

in & singlec line, usuﬁm]J the 2%-pcorconrt cheord line of the svri'ace,
with trailing vortices being ghed ag the tip is appronciand. This
is ghown in figarc 1 by *he vortex pattorn on the loft., Prodiction
of Ninge-moment characheristics using thic vertex paticrmn woere
feund to be of gntisfantory accuracy  for proliminary desliem
ecpecially for horirontal tafls of asncch ratio mreater than k.0,
Ccapericons of hingc-moment parameter. predictoed by this methnd
vith experimental vecults for aspect ratics Jess thon v, however,
dhowed some sryor in the predictiong which becare vwrce ne the
aspect ratio decreased. Tt was found that the crror was ot
appreciable magnitude, especially ing~far as the orediction of
veriaticn of control hinge moment with tail angle of attack was
concerned. Since this paremeter greatly influcvces the lese In
stahility due to freeing the controls, the need for impreving *“he
accuracy of preliction woo keenly felt Tt was swumiced thot the
error in prelictica was cauzed by *tho facl th2at smue changs in the
chordwise distribution of 1if't, primarily a function of wencct
rotio, was beling ne¢lectod.



3k

With the aid of a new application of the vortex theory of
wings, called lifting-swrface theory, developed by Miss Dorils
Conen of the Langley Teboratory (refersnce 3), a further analysls
¥ +the problem was made. Ecsentially, this analyslo uses the
vortex pattern chown on the right of figure 1 whorcin the vortices
representing the lifting capacity of the surfacss arc distributed
ovar the tail in proportion to the local lift. With this vortex
pettsrn, the induced dowvnwash is celculated by thn method cf
Misge Cohen at a numbsr of points on the tail by summing up the
contribution of all vortices. If the downwash as dotermined veries
elong the chord of the wing and the strcamlincs do not conform
to the profile, the lift distribution along the chord of the wing
is altercd with & resulting change in hinge-moment-producing load
over the controsl surface.

Figure 2 shows a compariscn cf the chang: In the chordwige
loading rcsnlbting from a criage in angls of attack !in gring from
infinite aspect ratio to asypact ratio 3.0 for lifting-line and
1liTting-surfacs theory. The chenge ie indlcated by the cress-
hatchod areca. Comnaring the cross-hatched areas for lifting-lino
end liftirg-surface theorive, it can be seen that the 1liftinz-
surface theory eimply proviles a corrcchtion to the chordwise
loading given by lifting-line thoory as shown by the lower cross-
hatchzd area of the figure on the right of figurs 2. KErnowing
ths change in chordwise loading dus te change in asyect ratlo,
we can, of coursc, compute the chonge In hing» mon'mt. At an
espect ratlio of 9, the lifting surface-thenry correation amowunits
to only 20 vercent of the total change in the variation cof
control hingo moment with angle of attack while ut aspect ratio
of 3, it amounts to %0 percent. Tho < xpression for Gy , thet

“a

is, the variation of control hinge moment with tail enle of

attack from lifting-svrfacce theory is given by the equation

ghovn bolew the disgrem on the right of fimure 2. Cammerisons

batwzen the values of C determined by this equation and
ha

exporimental data show remariable egreoment.

Thz change with espect ratio in t+he cherdwisce Loading du

"+5 control doflrction is shown on figuro 3. When the control io

deflscted two. types of chordwise loading are ~dded, th» tasic
contrnl lift ascociatcd with the change in airfoll camboer du. to
deClection of +the control which hae a psek over the hinge of the
control, end the airfoil additicnal Lift resulting from sn effec-
tive changs in the angle of attack. (S:¢ reforence %.) Anelycis
of *he vortex pattorn for this type of chovawlse londing has shown

R

hat the lifting-surface corrsction to the chordwis: loeding ie

nearly the same 2g that which would result If the iner.ne. in LIt
dus to control deflection were obtained by simply incronsing the
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tail angle of attack. In other words, the change In chordwlee
loading due to aspect-ratio change is of the same form for 11ft
produced by control deflection as it is for 1lift obtained by change
in smgle of attack., Fortunately, this means that the equetion
gshown on figure 3 expressing the relatlonship between hinge-monent
characteristics for aspect ratio =, that is, profile charactoristics,
end for any other aspect ratio has the same form for both lifting
line snd lifting-surface theory except for an additlonal term
(AchB)LS’ which 18 usually of very small megnitudc.

From +this equation it mey be seen that the aspect-ratio
correction %o chB 15 always less than the aspect-ratio correction

to C so that as the tail aspect ratio decreases wo may expect cha
to increase, that is, become less negative, more rapidly then Chs'

This is shown by figure L. The hinge-moment parsmotera cshown are
those for a 30-percent chord elevator on & tail plane of NACA 0009
airfoll section and elliptical planform. As the aspect ratio of
the tall decroases, Chcr. approaches & velue of zero at aspect

ratio 2.5, Ch& 1s affected to a smaller extent. You will note

that the difference betwoen 1ifting-line and lifting-surfece theories
become of significence at low aspect ratios,

This new method of control-surface hinge-moment prediction 1s
of very great use to designers. Figure 5 shows an oxample of how
it may be aovplied to the estimation of stick-free stabllity. The
results shown have been calculated for constant stick-fixed stablility.
The curve for the unbalanced elevator may be considered to be that
for a personsl aircraft of, say, 2500 pounds gross weight. As you
can see, changing the aspect ratlo of the horizontal tail from 5.0
t6 3.0 results in an increase in stick-free stability of 0.03, that
is, a rearward shift of the neutral point of 3 percent of the meen
aerodynemic chord, This amounts to 20 percent of the gtick-fixed
stablility of the assumed airplane.

For a larger aircraft of, say, 5000 pcunds, where control
belance is required to reduce maneuvering and landing stick forces,
the effect 18 more powerful. This 1is shown by the curve labeled
35-percent-chord elevator balance. For this airplane, changing
the aspect ratio of the tail fram 5.0 to 3.0 resulls in a gain
in stick-free stability of 0.075 or a rearward shift of the
neutral point of 7.5 percent of the mean aerodynemic chord. This
emounts to onec-half of the stick-Pfixed stability of this airplane.

It is evident, therefore, that this method of control-
spurface hinge-moment prediction gives the designer a meane of
determining the baslc geometric characteristics of the horizontal
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tail angle of attack. In other words, the change in chordwiee

loading due to aspect-ratio change 1is of the same form for 1ift
produced by control deflection as it is for 11ft obtained by change

in smgle of attack., Fortunately, thls means that the equetion

shown on figure 3 expressing the relationship between hinge-moment
characteristics for aspect ratio «, that is, profile characteristics,
and for any other aspect ratio has the same form for both lifting

line and lifting-surface theory except for an additional term
(AchB)I.S’ which 18 usually of very emall magnitude.

From this equation it may be seen that the aspect-ratio
correction %o chb ig elways lees than the aspect-ratio correction

to Cha. so that as the tall aspect ratio decreases wo may expect Chc.
%o Increase, that is, become less negative, moro rapidly than Chs'

This is shown by figure 4. The hinge-moment paramoters chown are
those for & 30-percent chord elevator on a tail plane of NACA 0009
airfoll section and elliptical planform. As the aspect ratio of
the tall decroases, Chm approaches a velue of zero at aspect

ratio 2.5, Ch& 19 affected to a smaller extent. You will note

thet the difference between lifting-line and 1ifting-surfece theories
become of significance at low aspect ratios.

This new method of control-surface Winge-moment prediction 1s
of very great use to designers. TFigure 5 ghows an oxample of how
it may be avplied to the estimation of stick-free stability. The
results shown have been calculated for constant stick-fixed stabllity.
The curve for the unbalanced elevater may be considered to be that
for a personal aircraft of, say, 2500 pounds gross welght. As you
can see, changing the aspect ratlo of the horizontal tail from 5.0
to 3.0 results in an increase in stick-free stability of 0.03, that
i3, & rearward shift of the neutral point of 3 percent of the meean
aerodynamic chord, This amounts to 20 percent of the stick-fixed
stadility of the assumed alrplane.

For a larger aircraft of, say, 5000 pounds, where comtrol
belence is required to reduce maneuvering and landing stick forces,
the offect 1s more powerful. This is shown by the curve labeled
35-percent-chord elevator balance. For this airplane, changing
the aspect ratio of the tall from 5.0 to 3.0 results in a gain
in stick-free stability of 0.075 or a rearward shift of the
neuwtral point of 7.5 percent of the mean aerodynemic chord, This
emounts to one-half of the stick-Pfixed stability of this alrplane.

Tt is evident, therefore, that this method of control-
surfece hinge-moment prediction gilves the designer a means of
determining the basic geometric characteristics of the horizontal
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tall necessory for tie attainment of desirable control-free
gtebility and desirable eontrol force gradlento.

SYMBCT.S
variation of control hinge-mement coefficlent with teail

@ angle of attack

Cp,. variation of control hinge-moment ccefflcient with control
8 deflection

c pitching-moment coefficlent (Nf/gcs)
11t cnefficlent (L/as)

gT— normel pressure per unit 11ft coefficient
AR aspect ratlo

M pitching moment, foot-pounds

a dynamic pressuro, pounds per sinare foct @p‘f*’)
¢ . meen aserodynamic chord of wing, feet

8 wing area, square foet

L 1ift, pownds

v airepeed, feet per second ,

o) density of air, slugs per cnble foob

mmgle of attack, deprees

™

censtant
Suhscriph:

1.5  liftiny surfacs
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A FLTGHT INVESTIGATION TO INCRPAGE THE

SAFETY OF A LIGET AIRTLANE

By Paul A. Hunter

During 1940 and 1941 o series of modificatlions were incorporated
in a light alrplene to increase its s-Tety. Tt was intended to
held the changes to a minimum, to mak: them simplo enoush to be
readily incorporated in airplencs alr.ady in service, aad not
Yasically te alter the eppearance of the airplane.

The method oricoinally chesen to rake the alrplane stallproof
was to eliminnte the effect of power cn the elevator angle required
tc stall and linit the up-elevaitor travel to sime value below that
reguired to stall. While this was no: completely achieved, a
definite step in this direction was tuken.

The final resalt of this investisetion was en alrplone vhich
wes spinproof. could not he stalled in twms, and while net etall-
proof in straight flight, poceessed. eoperior sialling characterlstics
as compared with the original airplen:. Flgure 1 shows the air-

- nlane ng 1t appoared originally togetier with the medificetlons

vhich wers made t¢c it. A fow of thecss chongee are immedlatoly
appareat but all the chenges will be describod in detall later,

Figure 2 showa the sticlk-fixed s“atic lonzitudinal gtability
of the original and meodified airplanec. The increasad stability
of the modifled airplane 1s apparent dcspite the udverse effect of
1ts more recrwerd center-of-gravity positlion. The reduction ol
the effect of power is also apparent. The stlck force charactoristics
of the modified airplane likewige showed a reduction in the effect
of power on the stick Torces.

Stalls from straight and level flight witn the origlnal
ajrplane resulted in rapldly diverging laterel oscillations which
could not be contrclled by the ailerons. The stalling charac-
teristics of the modifled alrplane were conaldered supcrior to
those of the originol cirplane in that the stall, bdoth with power
on and power off. consiated merely of a mild dropping of the noee,
The regicn in which the lateral instabillity occurred for the
original airplens and in whicli the longitudinal instability occurred
for the modifisd alrplane wags defined by the vp-elevator positlon.
Elevator angles above vhich ingtabillity occurred arc shown by the
curves of Tigure 2. Note tho dlffereunce betweon the vower-on and
powrr-off cenditions, 100 for the original afrplane and 2C for the
mcdi1ficd airplene. As was mentioned before, tnc effect of power
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was not completely eliminated as planmed dbut a large reduction
was offscted. Tae center-of-gravity pesitlion for a given loading
of the airplane was moved back consider:bly because of the
incressed weight of the tail but the range of loudings was not
affected. .

In turning flight the instability associated with thse com-
plete stall in the original alrplene wa3 egsentially the sam2
a3 from straight flight. The violence of 211 motions accompanying
the stall was increased in turning *light somewhat Lecause of the
effsctively incressed wing loading under accalerated conditions.
The original airplane could be gtalled out of a turn with power
on or off. It was possible with the modified airplano to pull the
stick all the way back in turning flight withouo developing any
uncontrollsd-for motions either with power on or power off, The
stell conld not be reasched berause of the additicnal up-elovator
deflection regquired to producs pitching veloclity in the turm.

It was not practicable to limit the up-elevator deflection
to the extent required to make the modified alrolane stall-prool
in straight flight because ¢f the up-elovator defluction required
to make a 3-point landing. The averag: up-elevaltor deflestion
recuired for a 3-point landing was 2747 for a contur of gravigy
of 30 percent of the mean neradynamic ~hord and wad reduced 10°
as the center of gravity moved back T percent.

Returning to figure 1 it can be sven that 7 final modifications
were incorporated in the airplane in producing thesoe gharncterinuics.
The incidence of the wing wag changed rrom 20 to -1.2” and the
washout was increased frem 3%tc 5°. The thrust axis was deprested
7° and the rulder travel was limited to #1%50. The slevaters were
moved out of the nropeller slipstream and the areas znd aJpsct
ratios of the horizontal and vertical tulls were Increassd.
Deprensing “he thrust axis, reducing the lncldence, and moving
the elevators out of ths propsllor slipstreem all tended Lo
increase tho elevator angle roquired to stall with pewer on.
Increasing the wing washout eliminated the lateral Ilnatability
at the stall. Increasing the aspect ratio of tihe horlzonial and
vertical tails improved the effectivensss of the surfaces whils
the addsd arca increased the siatlc longitudinal stability aud
the direntional stability of the airplone. Tt was Icund that tne
airplone incorporating all the changes except limiting the rudder
travel to £159 conld be held in a steedy spin to the %eft. Ir
the Lleft rudder was decrezsed to 15° after a stoeady stats of
rotation wai3 obtalned, the airplane wculd recover ‘rom e spin
after sevoral turns with eithsy power on or powsr oif . The rudder
trovel wags “herefore limited to F 15° und »ll attempts o prroduce
8 cpin fuiloed. The modified airplane with the limlted rudder
could be taxisd satlofactorily with the nso of brukes ~nd no loas
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of directional control during the takc-olf was encomntered. Tho
Smim1 angle of bank that could he ovtalirned in a ntendy sideclip
reluced to ghout half that of the crigingl nirplane hecruce of
the limited rrdder travel, dut the rvider wagc still sufficicnt to
counteract the adverse yaw of the ail:rons.

The characteristice of this modilled airplans may be
curmarized as follows:

Motions eccompenyling the stall w.re ¢rectly »ciéuced. The
regsuiting longitrdinal motion wes conzidored lege éangerous than
he leteral lnstability encountered o the orizinsl airpiance. In
turng the stick was held fvll back without producing a ghall,

The alrplane could not be spun, pewsr on or prwer off, wlth
any seuvting of the centrols. The geasral fiying sharwetorictice
were not meterially ellercd in normmel flight,
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FACTORS AFFECTING SPINNING OF LIGHT ATRPIANES
Ey Arshal I, Neihouse

The spin problem for the personal-owner or lirht airylane may
be considared as twofeld: (a) elimination of the incipient spin,
exd {b) etimination of, or satisfactory recovery firom, the fuily-
davaleped spin.,

My, Huntcr has just discussed elimination of the stall in
turning flight, which appesrs desireble for preventing incipient
spins at low altitudes. IHis discussion also includcd climination
of *he/Gpin of a light elrplans by limitirng the ruddeor travel,

In this comnsction, tests of numerous models in the NACA gpin
tnnnel have indicated that the rudder is very often the rredominant
centrol mainteining the spin.

During the wer ysars, spln inves*igatlons have bren conducted
in the NACA gpin tunnsl on approximately 150 different militery
airplene designs to determine recovery cheracterisitlcs from ,
devsloped spins. From the results of the investigations, it has
besn shown, end reported in reforence 1, thai an airplene in a
fully doveloped spin will recover repidly if sufficient and
effactive control has besn provided in its deslyn. Quite a few
of the designs tes“ed hed proportions cf mass end dimensional
charactoristics that simulated those of mirniancs in the personel-
ovner category and eccordingly the results from tests of military
tirplancs have been applied to light airplenes. In order to
provide sffective control for satisfactory recovery from spins of
veracnal-owner airplanes, & criterion has been met up which 18 an
extoneion of tia: onc previously reperted in reference 1 and is
shown in figure 1. Thie criterion combines the ascme factors previ-
ocusly found important in effecting rccovary from the spin. As
vafore, for diffcrant values of relative density, values of tail-
demping power factor have been plotied ageinst a nondimenglonal
erpreasion for the difference in moments of inurtie ahout the
eirplane Y- end Y-axes, and regions of satiafactory and uwnactisfactory
rocoveries have been defined. These regions arc hassd on rosults
of epin investigaticns of many models in the NACA spin tumnel.
Tofore diacussirg this figure more thoroughly, I shonld first liks
%o tell you & little about the factors that have been plotted.

Tail-damping powsr factor (TDFF) 1s en indication of the
cffectivencss of the vertical teil in & gpin. The method of
computing it has been fully explaincd in refevence 1 and is illus-
+treiod in figure 2. Dy assuming & spin ot rn everage anglc of
athock of 450, the flow at the tail beyond ths horizental surfaces
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is assumed to diverge 15° at each end. The wake thus defined
indicates the rudder erea which is shielded by the horizontal tail.
The tall-damping power factor is made up of the two terms indicated,
the first being.a damping term and the second being a rudder-
cffectiveness term. The damping teri: depends on the fixed area
below the horizontal tail and its distance Trom the center of gravity
of the airplane. The rudder-effectiveness term depends on the
unshielded rudder area and its distence from the center of gravity.

The airplane relative density factor u = A is the retio

e
between the so-called density of the airplane (ﬁ7g$b) and the
density of the surrounding air (p) in which the airplane is moving.
It ray be sald to be an indication of the interaction of the inertia
and asrodynamic forces and moments acting. In order to determine
the values of relative density (u) typical of light airplanes, a
range of wing loadings (W/S) has been plotted against-a range of
spans (b) considered reprosentative and the corresponding values
of u have been indicated in ligure 3 for sea-level density. For
wing spans of 29 to 40 feet and wing loadings from approxinately
6 to 24 pounds per square foot, the corresponding values of u Tfor
sea-level air density veried from approximately 2 to 8.

Returning to figurc 1, the term plotted as tho abscissa
Ix -1 '
EQX, the difference in moments of inertie about the X- and

mb

Y-axis, divided by the airplane mass and span squared is an
indication of how the mass is distributed in the airplane, that is,
whether there is relatively more mass distributed along the wings
or along the fuselage. Increasing values of the paraweter in a
positive direction indicate increased distribution of mass along
the wings.

The uppermost curve shown in figure 1 was previously presented
(refercnce 1) for all airplanes having values of relative density
up to 15. For the present investigation, curves were obtained for
airplanes having values of u of 2 t0o 5 and of 5 to 9. Thus from
the data plotted, minimum values of verticel-tail design required
insure satisfactory recovery {rom developed spins may be obtained
for values of u in the personal-owner airplane range.

Airplsnes having values of the plotted factors falling above
thelr corresponding curve will recover satisfactorily whereas those
having values falling below the curve will not recover satisfactorily .

For the rclatively very light airplenes (u = 2 to 5), it appears
that very little vertical fin and rudder erea is required to insure
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satisfactory recovery, especislly if rudder woversal is followed dy
moving the stick forwvard., As ths rolative domsity of the eirplrnes
increases, however, it Beccmes incroesingly importunt to providoe

n sufficient TDPF to insure satisfectory rocovery. Here too,
movemen’s of the alevaetor down mey be of appreciable assistance in
tormineting the spin, but as & factor of safety, it is felt that
sufficiont vertical tail area should be provided to terminate the
spin without assistance of the slavetor, It can b noted thet as
thn digtribution of mass along the winge is increasod, larger velues
of TOIF are required to insure recovery by rudder reversal.

Baacd on the requirements for vertical tell design as indicated
in flgure 1, it eppeers thet proper considcration of *he factors
involved will lead to an afrplene which will recovoy rapldly from
the srin.

SYMBOLE
2 alrplanc relative donsity factor (li:}éﬂl§l at sea 1evol)
W weight of eirplane, pounds
S wing area, square Tect
b wing span, feect
p density of air, slugs per cubic fuut

I noment of inertis of alrplane about X Dbody axis
(fusclage exis)
IY moment of inertia of airplenc abeut Y Ybody axis
(wing exis)
. W
m rmegs of alrplane r
24 accolzration of gravity, feet por 3e:0ond”
TDEF teil-damping povwer factor
L dig'ance betwoen contrr »f gravity of eivplans and centrold
of fixed aren F
Ll  distence botween center of arevity of airplone and centrold

of aree Rl




Lo distance between center of gravity and centroid of area R2

unshielded ruvdder area above horizontal-tail wake

Rp ' unshielded rudder erea below horizontal-teil wake
¥ fixed area below horizontal tail
REFERINCE
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Tail-Design Requirements for Satigfactory Spin Recovery.
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DEVELOPMENT OF AIRFOILS AND HIGH-LIFT DEVICES

By Laurence K. Loftin, Jr.

During the course of the war years, a new type of airfoil
section, known as the NACA low-drag or 6-ceries section, was developed
here at the Langley Laboratory. Low-drag airfoils differ from the
older NACA L~ and 5-digit series airfoils, such as the NACA 2412
and 23012, in that they were theoretically derived by potential-flow
metheds to have pressure distributions of a type permitting extensive
laminar flow in the boundary layer and thus very low profile-drag
coefficients. A comparison of an NACA 23012 with two of the newer
low-drag airfoil sections is shown in figure 1. Two low-drag sections,
the NACA 631-hl2 and the NACA 66 1-212, are designed to permit laminar

flow over the alrf01l surfaves to 30- and 60-pbrcent chord, rbspectlvely;

In order to provide the alrplane de51gner with systematic aero-
dynamic data from which to choose low-drag airfoils suitable for
different applications, a series of approximately 100 related low-
drag airfoils was derived and tested in a speclalized two-dimensional
wind tunnel permitting the attainment of full-scale Reynolds numbers
and having a turbulence level approaching that of free air. The
lift, drag, and pitching--moment charactcristics of @ll the airfoils
were obtained at Reynolds numbers of 3, 6, and 9 million, and, in
addition, tests were made with each airfoil to determine thes effect
upon the aerodynamic characteristics of surface roughnzss,

An ideca of the drag characteristics of these newer airfoil
sections may be obtained from figure 2 which shows drag results for
a typical low-drag airfoil section (63,-U12) of 12-percent thickness

and 0.l design 1ift coefficient. A design 1lift coefficient of O.L
corrssponds to 2-percent camber on these airfoils. These data arc
for a Reynolds number of 6 million which corresponds roughly to the
cruising Reynolds number of a personal-owner-type airplanc. The
minimum drag coefficient of the low-drag section is approximately

25 percent lower than that of the older NACA 23012 shown here,
Varying the amount of camber has no effect upon the value of the
minimum drag but shifts the range of 1ift coefficicnts over which
low drag is obtained; thus it is possible that by a proper choice of
carber the minimum drag may be obtained at nearly any desired
cruising lift coefficient. The width of the low-drag range increases
with increasing airfoil thickness ratio with only a very slight
increase in the value of the minimum drag coefficient.

These drag data are for airfoil models having perfectly smooth
and fair surfaces and represent the optimum or ideal drag characteristics
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that may be obtained. Many airplanes cperate with wings which are too
dirty or gritty to permit the attainment of extensive laminar {lows
and thus the indicated low drag coerricients. The exact size of

the permissible roughness depends wpon the type of roughness, the
size of the wing and the Reynolds number, and is extremely difficult
to pradict. In an effort to obtain duta indicative of the 1lift and
dran characteristics which might e exractoed for the worst conditions
of surface roughness corresponding to sand or mud at the leading
~edge, cach of the 100 airfoils was testoed with its leading edge
sufliciently rough to cause a fully developed turbulent layer over
the airfoil surfaces,

The uwpper curves showa for the iwo airfoils with rough leading
edges indicate large increases in the value of the minimum drag with
little difference between the drag of the low-drag airfoil and the
older NACA 230]2. An-analysis c¢f all sveilable drag data has shown
that with leading-edge roughness sufficient to cause fully devcloped
turbulent boundary layers, the minimum drag coefficient iz relatively
insensitive to airfoil shape and increases with airfoil thickness.
Surface unfairness or waviness resulting from mamnufacturing inaccu-
racies may alsn prevent the attaimment of the expected low drag
coefficients; howcver, some surface irregularities may be tolerated
in the range of Reynolds nurbers extending up to 6 million or
8 million. A detailed discussion of this subject .is contained in smca TN-IIS]
reference 1.

For an airplnane having 150 square fest of wing area, the
25-vercert reduction in minimum profilc drag coeificient resulting
from the use of a low-drag airfeil inslead of a conventional one
amounts to a saving of 12 horsepower a! 200 miles per hour., The
difference in th2 drag of the smooth and rough low-drag scction amounts
to about 36 horszpower. Whether or no* these savings are significant
will, of course, depend upon the percentage tha® the wing drag is of
the total alrplanc drag.

v The variation of the maximum 1lift coefficient with airfoil thick-
ness ratio and camber is shown in figure 3 for a nuber of NACA low-
drag airfoil sections. These data are for a Re;mnolds number of

3 million which corresponds to the landing Reynolds number of a
persongl-owner~type airplane., The highest maxinum 1ift coefficient
corresponds to the 12-percent-thick section heving a 0.L design 1ift
coefficient and is just about the same, both smooth and rough, as

that of the older NACA 23012 shown herz for compsrison., The maximam = -
1ift coefficient is decreased and the effect of increasing airfoil
thickness ratio is less pronounced when the airfoil leading edges are
rougli,  The increments of maximum 1ift associated witihh increasing
camber, however, appear to be relatively insensitive to airfoil
surlace condition, _ '
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The 1ift and drag data which hive Leen presented for airfoils
both smooth and rough indicate that the aercdynamic characteristics
of airplane wings are ctrongly influenced by surface conditlou. The
pradicted characteristics of airfoil sections when applled to air—
plane wings must, therefnre, include careful consideration of the
tolerances to which the wing is to te manufactured and the conditions
under which the airplane is expected to operate. In any case,
however, the characteristics of low-drag airfoils ar: no worse than
those of conventional airfoils and, if sufficicent care ig taken with

the surface condition, definite advantages are associated with theic usc.

The problem of developing good high 1ift devices for various
airfoils was the subject of considerabl. resecarch before the war with
the older tvpes of airfoils.and during the past few years this work
has boen continued with the low-drag cirfoils. Hach of the airfoils
in the systematic series wac tested with a 20-percent-chord split
Tlap deflected 60°. These data show that, elthough the highest
maximum 1ifts for plain airfoils wers obtained for thickness ratios
of approximately 12 percent, the maximum 1ift coefficients of the
airfoils with split flaps increased up to thicknesses of 18 or
20 percent. Maximum 1ift coefficients as high as 2.%0 have been
measured in this thickness range.

Section maximum 1ift coefficlents are shown in figure L for
low-drag airfoils of l6-percent thickness equipped with plain, split,
and slotted flaps and for a l2-percent-thick low-drag airfoil with
a double slotted flap, With a 15-porecent-chord leading-ed;e slat
and a single boundary-layer suction slat locatud at Li0=percent chord,
the airfoil with double slotied flap had a maximum 1ift of 3.9.

Some data are available which indicebe that maximum 1ift cocfficients
well over L.0 can probably be obtained with these high-1:ft devices
on airfoils of 18-percent.tiicknesc.

It is perhaps of interest that with flops deflected the drag
cocfficients obtained for airfoils cquipped with slotted flaps are
much lower than those obtained with split flaps, indicating that the
slotted flap is much better from the standpoint of short take-off run.

The results obtained for airfoils with split flaps as well as ...
some data for nlotted flaps show that the deercment in maximum 1ift
coefficiant caused by leading-edge roughness is the same for airfoils
both with and without flaps.

A conplete presontation and analysis of acrodynnmic data for the

100 ralated low-drag airfoils as well as new two~dimensional data for
the = and 5-digit series airfoils are now avalilable in referunce 2.

With the use of this report, the airfoil best suitvd for a given
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airplane may be selected. Somz of the data included in the summary
rnav be selected. Some of the data included in-the summary airfoil
report are now being extended to lowur Reynolds mumvers for use by
the designer of small airplanes having low landing speeds.

SYMBOLS

cq section drag coerficiant (d/qc)

c;  section lift coefficis t (1/qc)

d section drag, pounds

q 4 dynamic pressure, pounds por square foot
c airfoil chord, fset

1 section 1ift, pounds
t airfoil thickness, feet
Subscripte

nax maximm
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MAXTMUM LIFT AND STALLIKG

By Harold H. Swoberg

Th>» problem of predicting the meximum 1ift coefficient and
the point of iInitial stalling of & wing from available two-
dimensional airfoil cection characteristics can be most readily v
solved by the use of lifting-line theory. Solutions to this
problem have dbeen prosant d by numerous writers ueing linear
section Lift data. At high angles of attack, how:ver, the section
1ift curves are not linesr and hence more refined methods of
calculation are necsgsary. A report, now in the process of .
publication (reference l), prosents o method for calculating the
1ift distributions and the foice and moment cheractoristics of
wings using nonlinear section-lift dsta. A comparison is given
in figure 1 of calculated und experimental 1lift results for a
wing of aspect ratio & and taper ratio 2.5. The calculatlons are
given using both nonlineesrr and lineer section-l1ift data. The 1lift
curves celculated using nonlinear section-lift data are in close
egroement with the experimental results over tho entire range of
1ift coefficients, while those caliculated using linear section-lift
date are in agreement only over the linear portion of the curve,
ag would bs expected,: It should be vemembered that the methods
presented are subject to the limitations of lifting line theory.
The close agreement shown in figurs 1 should not be expected for
wings of low aspect ratio or large sweep.

The point of Initial stalling of a wing can be dotermined

from curves showing the distribution of section lift coefficlent

along the span: topether with the distribution of the maximum 1ift

coefficients of the individual sections. An example of calculations

to determine ths point of initial stalling and the possiblc rate of

- -gtall progression for the same wing described in figura 1 1is given

in figure 2 together with some sxperimontal results. Stalling

should begin at the points of tungancy of the section lif't curve and
the section maximum 1ift curve. The rate at which the section 1ift
and section maximum ift curves separate is believed to be an
indication of the possible rate of stall progression. The differcnce
between the curves is the margin betwson the actual 1ift coefficiont
and the stalling 1ift coefficient of the sections. When the murgin
is small, a slight disturbence muy produce a stall over a largs
portion of the wing.. The calculations jindicate seraratlon over the

.contrel and inboard portions of the wing semispan with no evidsnce

of any tip-stelling tendencies. Thesc facts arc substuntiated by
the rosults of tuft observations shown in the upper purt of figure 2.

Although the distributions of figure 2 show o smell margin betwsen
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the section 1ift and section maximum lift curves except at the
wing tip, possibly indicating a mors rapid spread of separation
coupled with a sharper drop in 1if't past CLmax than are shown

in figures 1 and 2, it should be noted that the calculations were
made for a wing employing hh-gseries scctions which possess grodual
stalling characteristics. A more rapid sproad of separation, and
a sharpsy drop in 1ift past CL wvould probapbly have been

' max
measured if sections having abrupt stalls, say, 230-series sectlons,
were used. :

In the preceding discussion, it was shown that methods are
availsble for predicting with sufficient engineering accuracy the
maximm 1ift coefficient and the point of initial atalling of the
wing alone. The question now arises as to how the results of
these calculations are modifisd by the addition of « fuselage or
nacelles to a wing, by wing-surface roughnoss and air leakage
through a wing, by partial-span flap deflection, and by propeller
operation. .

The zddition of & fuselage or nacelles to a wing will
generally introduce small local areas of separation near the wing
center section. This effcet may tend to improve the handling
cheracteristics of an airplane near the stall inasmuch as the wake
from the stelled regions muy cause tail buffeting or a loss of
control effectiveness, thus providing & stell warning, Furthermors,
flow separation from the immer parts of the wing will genorally
canse 2 nose-down pitching moment and thercby Increase the
longitudinal stebility near the atall. The loss in moximum 1ift
cosefficient caused by small areas of separation around the fuselage
snd nacelles will guncrally be compensated by the added 1ift on
the fusclage and nacelles unless sxceptionally poor wing-fusclage
and wing-nacelle Junctures ars incorporated on the airplane.

Wing surface roughness and air loakege through a wing should
be avoided wherever possible inasmuch as their pffucts on meximum
1ift are detrimental. Full-scale wind tunnel tcets of two air-
planss showed that Increases of between 10 and 15 percent in the
maximum 1Lift cocfficients of thosc airvlanes vero obtalned when
all protuberances were falred and whon all points of air leakege
on the wings were sealed.

Anzlyses of wind-tunnel and flight data relating to the
changes in tho stalling characteristics of eirplanes resulting
from vartial -span flep deflection have shown that the rosults may
bhe divided into four main =ffects:
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(1) An increase in upwash and effective angle of attack over
the outer unflapped parts of the wings thereby increasing
the tendency for tip stalling.

(2) A tendency to delay separation over the inner parts of the
wings.

(2) A tendency to cause a more suvdden loss in lift at the stall
than in usuvally measursd for the unflapped wing, and

(4) An increase in stall warning provided the flap waie
enveloos the tail at moderate to high engles of attack.

The first three of these effects tend to produce ncor stalling char-
acterisiics while the fourtih effect tends to improve the hondling
charactacigtics of an airpinne near the stall. Full-scale-tamel
measurensnts uLowing the offects of pertial-snan 1'lop deflection on
cezsaions of thres airplanes havaig unbiisted wings with
wicaly Tiffsrsut plen formz ig given in figure 3. On2 aisplane has
“apered wing (tapon oL, 4:1), another haw a winug with low
taper ;antio {teper ratio, 1.3:1}, and the third airs.mae hus a wing
wiuvh elliptical chord distribution. The smaller anygles of attack
for cach stall y»rogression siown in figurs 3 corresoond roughly to
the angle for initial stalling while the higher angles of attack
correspond roughly to the angle for maximwn lift. With flaps
retracted, the stall progressicn for each wing is cuaracteristic of
ite particular plan form. For the wing with high tapsr ratio, with
the exception of small locallzed areas of seperstion btehind the
nacelles znd at the wing-fusclage junctures the wein stall originates
at the wing tips and nrogresses inboard with ircrearine anele of

attacls, For the wing with low taper ratin the stall. originates at

the iabosvd paris of *hs wing and progrscses outboard with increasing
angle of citeck  The astall originates about €0 percont of the semi-
gpan inboard from the wing tip for the wing with elliptical chord
dictributlion and gpreads both inboard anl outasoard with increasing
angls of a%taslt. For all three alrplenes, flap deflection tended

to delay segparation over tne iaoord portions of the wings. No

small crran of zepareticn arnzersd ab ithy wing trailing edge near

the roct asction of ti= highay tajensd ving, and for the other
two-airpirnes. initiel staliing oncurssd at a higher angle of attack
with flaps deflocted than with flaps retracted. The 1lift curves
corregpanding to the stell progrecsions of the three airplanes noted
in Tigure 3 showed that, in sach case, a more abrunt loss in 1lift
past the maximum lift coe fficient was meaourod with flaps deflected
then with [laps retracted. This effect was very pronounced in the
cags of the alrplane with wing of elliptical chord distribution. It
is worth menticning that flight tests showed this airplens to have
excentionally poor stalling characteristics.
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The effects of propeller operation on the stalling charac-
teristica of an alrplane cun be illustrated by the full-scale -
tunnel measurements shown in figure 4, With the propeller
removed, the stall progression with angle of attack is typical
of that for a low-taper-ratio wing end is fairly symmstrical on
both sides of the plane of symmetry. With the propeller operating

a thrust coefficient of 0.2, which corresponds to a power-on
lan*ing with about 1/4-rated power apniled, the wing sections
behind the upgoing prcpeller blades stalled at a considerably
lower angle of attack than the wing sections bechind the downgolng
propeller blades. An asymmetricel stall pattern is thus produced.
Measursments of the variation of rolling-moment cocfficicnt with
angle of attack showed that, with the propeller rsmoved, the
airplane rolling-moment coefficlent wes essentially ind:spendent of
angle of attack (see fig. 4); whereas, with tho propeller operating
at a thrust ccefficient of 0.2, the rollirg-momsnt coefflciecnt
increased gradually with anzle of attack up to the angle for
maximum 1ift. Above this angle, a sharp incresase in the rolling-
moment cozfficient occuried, which would be sufficient to cause
roliling instability in landing. Flight measurcments showed that
this alrplane developed a serious left-wing dropping tendency
during power-on landings.

Lateral instebility and the consequent wing-drovping tendency
is perheps the most serious feature of the stall. This feature,
which is mainly caused by wing tip and asymmetric stulling, can
generally be avoided by considerations in the preliminary design
stages of an airplans. The use of airfoil sections at the wing
tipe of moderate thickness (above about 12 percent) and of fairly
hizh camber (about 3 or I vorcent) have becn shown to improve the
behavior of airplanes having bad tip-stalling tendencies, The use
of thin ssctions (9 percent and below) at the wing tips should bu
avoidcd wherever possible especlally on wings having taper ratios
groator than about 2:1. Both theory and experiment have shown that
hizh tepcer lg conducive to tip stalling. Owing to the logs in
aileron effectivencss and demping in roll usually associated with
wing-tip stall, several methods have been devised for moving
the location of theu initial stall inboard. These methods, which
include washout, increasing camber frem root to tip, contral
sharp leading vdges, and luading-cdge tip slats are dlscussed in
detall in refeorence 2. Sharp leading edges have also been used
to induce scparation over only one wing panel to lessen the
conscquences of sevore asymmetrical stalling. Tt chould pe noted,
however, that the use of sharp lecading cdges will generelly cause
a loss ip maximum 1ift.
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Experimental date have shown the leading-cdge slat ho be an
effective moane for reducing the tendency for uncontrolled motions
of an alvplune in a stall. Flight tests werc madc on one alrplang
to investligate the offect of the spanwise extent of a leading-odge
slat. The resulte are prosented in figure 5 as time histories of
the stall vrogression and rolling valocity during the stzll. Three
conditions were investigatcd:

(1) Airplane without slats

(2) Airplane with slats extending over 53.5 percent of
the semispan

(3) Airplane with slats extending over 75.8 percent of
the semispan.

With no slats, stalling progregsad very rapidly over the outboard
pertions of the wing and th» airplans r»olled repidly to the rigaht
with no evidsncs of any righting tendency. With a leading-edge
slat extending over 53.5 perceunt of the eemispan the airplanes
initially rolled to tic right but thse roll was halted dy the slatb
so that the alrplanc remelnsd in @ banked attitvde. Increusing
the extent of the slat to 75.8 porcent of the semiaspan geve the
airplane the ability to retzin a laterally level attituds through-
out the stall; however, the airplane exhibited oblectionebioe
lonzitvrdinal oscillations which were not m:aasured for the othor
two conditions. It is concluded from these recults that, for this
airplane, the optimum extent of leading-udge slat would boe about
6% percent of thc scmispen. These and other duta indicate that
the larg: slet span recuired, together with the disadvantages of
incrsased drag if the slat is fixed and added mochenical
complications If the clat is rotractable appear to limit the use
of tho leeding-edge slat a3 = meane for obtoining satisfactory
stelling churacteristica.

In conclusion, I would like to reiterate that methods are
avallable for culculating the offuets of the wing guometry znd
cof the spanwics 1ift distribution on thu maxioum 11ift and the
point of initinl stalling of a2 glven wing. These calculated wing
chrractoristics may ba redically changed, howevoer, by wing-fusclags
end wing-nacclle intcerference, by partisl-span flap deflection,
by propeiler operation, and by pocr wing-surfuce conditions. The
extent of these offects can be most readlly evaluutud I'rom analyses
of the uvailable data on meximum 1ift and etalling rescarch. In
this conncction a surmary of available full-scale-tunncl data
rolating to maximum 1:ift and stalling rescarch has rccently beon
mads evailable for guneral uos (reference 3). Finally, it is folt
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that sufficlient experimental data ere now available to show that
by carefully s~lecting the proper combinations of wing gecmetry
with washcut and witih chenges in airfoil camber and airfoll
thicknes: from root to tfp satisfactery airplune stelling charac -
toristice may be ottained without the use of avxililary desvices
euch as central sharp leading edges and leading-edpe slats.
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SYMBOLS
1ift coefficient (L.it
Q3
dynamic pressurs, pounds per square foot
wing area, square feet
angle of uttack, degrees
Reynolds nuvmber

gection 14ift coefficlient
s i L
rolling-moment coefficient (-——
qbS

roliling mcment, foot-pounds

N\,

m
4
effective thrust coefficient ‘~7§7;>
,oV"D~

thrust, pounds
dengity, slugs per cubiec foot
airapeed, feet per sccond

preopeller diameter,feet

Subscriph:

mazz

maximum
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Figure 1.- Comparison of experimental and calculated wing lift charac-
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PROPELIER SELECTION AND EFFICIFNCY

B;j John L. Crigler

A method of selecting a propeller for a given airplane lnstalla-
tion based upon theoretical caleulaticons and experimontal datu nas
boen develooed. 'This method can be used to design an optimum pro-
pallsyr for any operating condition and will accurntely predict the
propeller performance. The method provides a breakdewn of the
propeller power lossns and thus allows thae best compromlse of these
lossss to be mede throughout che entire operaltiiy] rang's.

Experinentel verifications of this method for specific applica-
tions for whish test data are availabls have veon obtained over the
entire overating range. Publications on the mothods of theworetlcal
calculations and on oxperimental verificacsions are avallable.

(8¢: reforencss L to 6.)

Several charts heve been preparcd to illustrate ths breakdewn
of propsllor powsr losses for a rangs ol operating conditions.

Figurc 1 shows the variation of the ideal propoller efficiency
with spced for propellsrs absorbing 100 horsvpower. Thias figure
covers the take-off spse¢d range only. The taree curves roprosent
three propellsr diametors, & feet, 12 fest, and =0 fect. This ldoal
prficiency is calculated for minimum axial enerygy logscs alone and.
neglocts the drag of the blede scctions as well as the rotational
velocity in the slingtrsam. It is seen that the propoller diemcter
Tixes the meximum possible efficiency chat can by obtatnod in the
take-off range. If a H-foot-diumetor propcller 1s to wbscrd
100 horsepower at 30 miles ter howe, this maximum possiblu ¢fficiency
iz only 48 percent, while & l2-foot-dlameter prope 1lzr would incroase
the maximum possible sfficisncy to 09 percent and a 20-foot pro-
pellur to about 30 perceant. Although considerations off ldeal
officivncy favor large dlameters in the takoe-cfi’ range, tho pro-
pellor diamciocr is, of courss, limited by practical cwnsidurutiuns
such as propeller weight and clearance. Serious locsvs of wfficicncy
at take-ofi speods are thersfore unavoidablo with practical propellurs.

Lot ue considor next the condition at fiylng gpee«ds. In this
case we will considor a 6-foot-Alametsor prewellicr os typical of
present practice. Figure 2 shows the availabl, thrust horsepowor
for opsration with the propeller mouniod on & 100-horsepowwr cngino.
The upper curve in the flguro (LhJ goiid line) 1s the samv as givoen

n figure 1 but has bocn éxtended o higher opocds. Sine: o
100-horgepower ungine was uSud the ideal ofi'icicncy and the ldoal



s,

60

in the figure, chown dashed, shows the calculated thrugt horscpower
foirr nperation with a 0-lcou-diameter, two-blade nyrenellor with
Clark-Y sectione ard round blade shanks., The oropu’ler blade lhuws

an activity factor of 90 and the ucolidity at the 0.7 radius lu
0.0345 per blade. This curve leg for variable pitch cperation having
an op“imm load distribution at 120 miles pcr hour and 1s for a
constant brake horsepowsr of 100 over cho euntire specd rangs.

The diffesrence in power losscs beiwsen this curve and the curve

for the 6-foct propellsr with ideal thrust power 43 dividuod Into
thres parts; the loss due to the proiile drag of the bludo soc binng,
tacluding the round bladse shanks, the rotaliownl cnurgy loss, und an
additional exiel energy lcis becauss the propellor leading is not
the idsal as given by tie momentum theory. The inercasc n axizl
encrgy is causcd by the decrcase in load on the nropellor hub and
tip sections in order to give minimum cnorgy locses. If the load
on the hud and tip suctions were maintained tow incroasc in
rotational cnergy and the tip losses would bs groctiar vhan tho
saving of the axial energy.

The dashed line of the two lower curves gives lhw tarust horgs-
power for operwtion with the samo proneller as tho sucond curve
but with fixed pitch. Since the fixed piteh propell.er would absnrd
more power at constant rim &s the aivsvced ig decroocsd tne snglino
rpm decreagss, resulting in a decrease in the SWrals hore.powsr sut-
put. The mejor differencs betwsun these two cupveit 18 uvhy decrous.
in the braks horscpower. Omall difforsnces in the yrofils drae of
the blade, and axial and rotational cnoergy losoes, ore progent but
the total difference in rropellur efficlency is ol ths ordur ol
1 to 2 »ercent,

Calculationa wore rade on the rixed plich propeller to dotor-
mins the cffecte of eirtoil scction, soctlon thicknéss, pilch

distribution, plun form, 2and solldity on tho propollor olfficiuncy
over ths speed range. Crangss in aony of thuse varicbles wnly caused
a change in the thrust horscpowsr of aoproximatoly 11 pereent over
the range of spsuds. The dotted ling whish wes calculated Lfor a
similar blads but with a 50 percent incrocsgs in solidity is typical
of the sTfcet of any onu of these caanges. Ths thrust horaspowr
is about 1 psreent lew.r for uhe design condition, duc to incroascd
prefile drag of the blade. In the low-spuod range the propellor
afi'iciency for the cxira sollidity prop:ller incrcascd by ths order
of 5 to 10 peresa’ but the thrust horscpower develouod by the pro-
pdhmvmsmﬁysn@mhrhmmwwdbmmm;th;MMwimnmpww‘d
rine ducroased. The effcet of cluness n plan form and
ighributicon wmey be trsated as cuo problom ainco buth arc
7 in the propeller load dictridbution. Noith -y showed any
iabls chanse In the thrust Lorscpower over the roeng: from
milss ver howr to 130 wilus per hour unlese radical chruges in
o propeller were mado,  EBxbrome changes wowld rooullt in o further
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reduction in the thrust horsevowsr. It is thus seen that of all
these variables, variebls-piteh operation is the only change that
gives any apprecisble improvement in thrust yorasepewer in the take-
of i’ rangs.

In the develorment of the propeller theory bhe induced looses
arc troated separately from the drag lossea and 2 propullor way be
considerod as Swo sunarate propellers, one producing lift alons
and the otner producing drag alcne. Figurs 3 chows the slement
efficiency loss due to the profile dreg of the blado gectionsg

V/nb
plotted againgt ——- for & rengs of valuss of tke ratio of 1%
x : e

to profile drag, which is the drag used in propeclisr calculations.
Typical sections opsvating at 1ift coofticients of about 0.55 have

a 1ifs-drag racio of appr <fmatsly 70. Frow the Llgurse the inportance
of the dreg loss for any cperating condiiion can bo dotuerminzd. The
total powsr loss due to drag iz about 3 percent for sectlons opereting
at a lift-drag ratio of 70 in th? bout operating ramgs of V/nD

and spall chenges in the gection lift-dreg ratic due 1o cuanges in
tho alrfoil or ssctlon thicknsss ars roledively unimportant. In

the taks-off runge the drag loss incrcasss to obout 8 purcent of

ths total powsr but here agein it 1s seen that wm=ll changua in the
section lift-drag ratios vesult in oaall changss in. the drag luss,

A chango of $10 percemt in the lilt-drag rutlo of the secticns
rosults in & changs of epproximatcly 1 percont in tne prepeller
officisncy. It may bo concluded that no gubrstantial galn In
propeller efficiency for light alrplanss can be ronlized by furiher
regearch to cbtain improved propseller aecticns.

Wo shall now consider briefly ths offcct of body Interforence
on the propellsr ¢fficlency, sinte the prepeller usually operatus
in & Tiold of nomwmiform axial volccity. If this nonuniformlity
18 coustant around tie circumferoncs, such &s is tiae cuse when the
propsllior is mounted in front of a vlunt body such as an NACA cowling
and +ths velocity distributicn is imown the orlfect may be takon into
account in the propoller dssign. In the calculallons the change
in velocity frmm the free-strean veloclty simply resulta in a change
in the effsctive V/uD of tho propullor section., It l1s inportant
that whis +ifsct be incluvdod in the propsller desigm us an optimum
dssigned propsiler for Irig-stroam operatlion 13 ne  longsy oplimun
whon ploced 1n a field of nonuniform axial voloclty. For example,
suppose a propeller thet is designed to oporats at o given operating
condition 18 so mounsed in front of a blunt body that tho innor
third of the radius of t} . propeller operated in a low velocliy
rogion. If good elrfoil ssctions extended in closn Lo the hub those
fnner gections would bo overloaded with a resultent decrcasc in
propollsr officioney. This shift of the load distribution is not
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gsarious, however, for low V/nD operation unless it is enough to
atell some of the cections cor unless the velocity dlctribution i
such that some sertions are crmpletely unloaded. I¥ the alrfoil
characteristics are known and the velocity distributlon in the
propeller plane is known the resaluant propsller citicdlency can be
vory accurately camputsd for operatirn In a {feld of nonuniform
axial velccity, provided this nonuniformity 1s conotant around the
circumforence, and the propeller can be meds ophimm Jjust as well
ag for free-stream operation.

If the nonuniformity in axial velocity cuts across the pro-
peller disk as in the cage of a propsller mownted close up behind
a wing the effect cannot be included in the culculations. It Is
difflcult ho predict wiatl happens e the provwllur officlency and
tests ave always required to detoraine the officlency Tor &
rarticuler locetion. For lnstance, i the propoliiy werv dosigned
to operats in the rogiom of high valoclty it wonld atall if ovoratsd
at ths sams rpm and pitch setting in a low velocily reglon. Whi ther
the propeller can carry b’ load altermately throwsh the veginona of
high and low velocity without stalling is & matber that cun only be
determined by tests on tho particular arrangomcnl.

Figure & chows results of btestg that werc conducted in the
NACA propellsr-resecarch twinel to determine tho propulsive officioncy
of a propell:r ovoruiing behind a wing with o deflected rlap. £
snsral arrangement of the test modsl is shown,  The mcdel usced was
a congtunt-chord wing with necells and singlo-slutted flap duplicatlng
the arrangemsnt at the center nacslle of a high-spoud bombor,

Modificaticns o the original wodsl concisied of the instulla-
tien of a gplit Tlap.

Tests wers wade over a renge of blade angleos, flap deflections,

and anglus of attack to be sncowntersd in take-cfy and climb.
Although the propoller was momnted close up behind o largs

nacslle it should oe moted that tho vropulsive officiency la very

good for the 0° flap sctting; 85 worcent at o V/iD of 0.30.

Deflccring the gsinele-glotied flap o 407 poduced thwe ol f iciuncy

by about & porcent at V/uD = 0.77 and powsr cunificient,

CP 0.030. TFor the same conditions tho gplit {lup roduced tho

ol'ficicney by ebout 23 porcont.

e

Thlg losc in wiflciency could be ceused by Ulaps, landing goars
or any body then causes nonmmrormivy of axiel alr flow.  The s
iype of flow with the resuluing logs can cccur iff the propellor 13
mountsd too close in front ol @ wing but the velocity gradient with
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distance is much shavper in front of the wing than behind ao that
there iz lens likolihood of gotting into trouble unless tue pro-
peller is mounted very close to the leading zdge ot lhe wing.

When such conditions exist ard the blade stalls on pagsing
through the low velocity region the losces in propeller elficisncy
will be very serious.

SiMBOLS
T propeller Clameter
D _ drag of propeller dlade element for infinite aspect ratio
L 1i1ft of bladc elemont
L/D 1ift-drag ratio
R ‘ oropeller tin radins
r radius to any element
X . redial locaticn of blade cloment {r/R)
n propellsr rotationil spesd
v axial velocity of propeller
V /oD propeller edvence-diameter ratio
n proveller or element efflcizucy
AqD glewent elfficiency loas due to drag
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PROPELLER NOISE

By Arthur A. Regiler
TITTRODUCTION

The provlem of ailrplane noigs 18 not a new one here at the
Langley luboratory of tho INACA. Work cn thic nroblem wan started
about 16 years ago. It was discontinmed about S yeare ago Lecavse
a genernl theory of prepellexr noise had been founi end sonfTirmed.
Scme of thie work 18 weported in refe.ence 1. The cound theory
and tests shoved thut in order to elindnate propcller nofge, or
matorially rzduze it, a radiccl redeaign of tha P peller and
pogsibly the ai:mlane vag neccgsary. Al that time, the chief
interegt of tre aviatesn ‘ndvotry was in high verdormance militory
eirplancs and it was folt thot aueh rofesimas ver: not prasticil
for military airplanes.

Recently, howsver, work on propellsr noion hao been reoumed
at the vegregt of Dv. M, P, ¥yirnt, CML Adminiotei or. This work
has teer concrracd orimar!ly wi*h “he nolse of lisht wirplaones 9
heard by peovle living in the vieinit, of sanll alrports. 'Tho
CAA ie interscstad in this probler becavse 1t may be the dotewmining
fagtor in locating the rew alrports previded for in the new
Fedaral Alrport Fxnansion progra. Aloo, the eliminailon of
atrvlane ncige w'll greatly increase the comi'owi oy the pesscnyrera
of the airplane,

A genernl voview of the problem of afrplane noisn with
opecial roferense to light airplenec is given in n recen*
WACA publicasicn, raforeace 2. It i pointed out that tiie
preacomirating sciree of noise in preagent der alrerudt lg thoe
proveller and that eilencing the engine 1s unclecn wnless
something is done about the propeller. Vhen propcllers re
gilenced 1t ig hellevad that engines can #lec be ailernced by
crnventionel metheds. The pregent discusecion will there’ore
be resiricted to propeller noisa.

TIZEORY CF PROPELIFR NOISE

The propellor roise theory waa developnd in Ruesls by Gutlin.
His hypoticsis io simply that the gtoady werciynomic levecn on
the blades (thrust and torgue) are Imparted to the nir end propagated
through space at the spesed of sovnd in confurmlty with the cloassic
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laws forr sovnd propogation. In orier to simplify the mathemotics,
Gutin copgiders a gmall section of air in the propellor disk at a
reprecsantative radiue. . He assuses that no ferces act on the aly
until the blade reaches it. At ihat time the a’r recclives a
prescuce equal to the pressure on the blade Lor the time that the
blade pssses through the secticn of air under consideration. The
air particle thesvefore recelves a sguare wvave impulse whoes
magnitnde is equal to the thrust of the blalde., This sgoare wave
18 rezolved into 1ts Fourier coefficients or harmouics, It is
bDecanse the air receives a sharp blow vhen the blale passes 1t
that propeller nnige ig made up of *ho fundamental frequercy
(revelutions per second times numbor of hladee) and all intogral
harmonica of the fundamental.

The sound prossure for sny point ot a diatance from the
propeliler is obuninod y intograting the comnd radiated from all
the varticles wa oorele described by the rovrascrretiv
geetion of the n.ovellicr. The basle Guwin theory 1c concerned only
with the steady air forces on tiuc blade, If the forces »~n the
blede are coused to vary by nonuniferm tlow flelds induc-d by
fusalages or wineg, the sovnl output of the »ropeller ig increascd
above that given by iho theavy. The somd Aue to the etecdy alr
forces will po dssignabed tho Guatin ecound in this discussion.

There is enother gourcs of propellsr noige dus tn the vortices
ghed from the propcller. These cowrcen are not gtrady sources on
the dlade as arc those considered in the Gutin theory, but arc
oscillatory distnrbances. The frequency irom these occiliatory
vortex disturbancos is almost a continvous gpestrum ranging irom
a feuw hundred cycleos per ascord to several thousanl. The sownd
ag nbrevved by the listencr ig similar to that of wind blewing
through a forect or of vaves trecking on o beach. Th: Ontin
noise on +the otaer hanl has only frequencies whlich are maltiples

of the fundamrntal blaede nassage frequensy. Souwe work on vortex

ncise ia roporited in referencs 3.

For normal propellers operating at tip apeecds abrve a Mach
nurer of 0.5 thess vortsx noisec are small comparcd to the Gutin
noise. Tor low-tip-epeed fang, however, the vo.tex nolse may
become larse compared to tne Cukin noise. For eyample, henacheld
fan manvfacturers have déveloped fang in recent yoars to reduce
mreatly the souvnd output. They have achleved this mainly by
reducing the vortex noire, which depends on tip load conditions
and tlow coenditions cn the blade,

Thers ig no simificant cleoan up to be achleved on propellers
until the +ip spoed hago been reduced sufficlently co that tho
Gutin nolse is belew the vortex noise level. If the propeller
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tip gpeed is reduced sufficiently to hring the Gutin nolise down
to the vortex level, the propeller will be silenced to about the
level of traffic noisge.

If tnere is no dlgsipation or lose of sound oenergy in the
atmogphere, the gound pressure varies inversely cs the dlctancs.
The change in sound pressure is given in decibels by the following

exprecsion.

da
B = 20 10‘310 _.dl.

é
where Fg is the ratio of the dfstances. Thus if the scund

pressure 1s 100 DB at a distance of 30 feet from the sourcs, the
pressure will be 20 TB leocs or 80 DB at a distance of 300 feet.
For large dizlence account must be texen of the additiona
reduction of scund prescure due to the dlesipation in the
atmosphers. This additional loss leg a function oiff tho scund
frequency and atniospheric huwiidity and has not been accnrately
determined. Tt lsg lmowm, however,to be small for short distences.

DISCUSSION OF FICURLS

Table I gives the effect of tip opeod on the scund of the
proveller. In the flrst line of the table all guantitics arc
given a valve of vnity without regard +o the abscolate mamitudo
of the gquantity. In the secornd linc the relative raluea of thoe
quantities are glven for twice the tlv snued. It in well known
that dovbling the sheeld of a propeller iacreasss the pewer
ccnsumption by a factor of 23 or 8, This Tigure i1s ghown In the
second colurn. The Gutin sound shown in the third columm varies
28 the tenth power of the tip speedjhenco,dovbling the tip apcond
Increases the sovnd output by a factor of 210 53 1024, Thus it
may bhe seen that by doubling the tip gpeed the horscpowsr to the
propeller has increased by a factor of 8, but the scund erergy
radiated hae been incroesed by a factor of 1024, If the relative
Gutin sound 1s divided by the relative power to the propellor
(1024/8 = 123) 1t is secn that doubling the tip spucd causes
178 +imrs as much sound enerzy to be radiated per horsepowsr to
the propellcr. It ig becausc the sound snersy varics approximately
as the tenth power of the tip spred, that tin spced is the most
irportant factor in redvcing propeller noisc.

The vortox noise given in cclumn L varies as the 5.5 powcr of
the tip speed. The ratic of tho Gutin noise to vortcx noisc is
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given in the last cclumn., It may be seen that deubling the tip
speed increescs the ratio of Cutin neline to verhex noioe by
facter of 27, Eence the vortex moige can be nejlected for the

e tip peCds, but nay become the wrodominate novrce of
a* very low tip spesds 4

Tn the second lins third coluwan 1t is Indlcated that tho
sound energy ratio of 1024% 1s egnal to 30 DB or decibrlg. The
Jecibel is & term cormonly used in sownd measuremendts. Tt is
10 timss the legaritim of the power ratio.  Thup the losarithm
of 1024 ig 7 or 70 decibels., In subsequent figures the dccibel
sound roading will be referrsd to the comacnly accepted bese
level of 10~ 16 watts per square centimetzr which is the threshold
of hearing for the human ear at a frequency of 1000 cyclaa per
second.

Decenbly some sousd measuremente hove been made by the NACA
on 2-, L=, and 7-blate propellers. Tucun propellers were not
designed for this preblem, buh were uscd hecausn they were
avallable from gome his J-qpﬁeu propeller teshs. The purposes of
the tests were (1) to determine verilex nolse level for pirrpellors
of meny bladen and (2) to drbermine how the ncise Jiom such 2
propeller sounded to varicue listeasro. Bame of the reanlts of
these tests are given in figuve 1. Tho golld linos gilve the
sxperimental volues for the 2-blads an? the 7-2lad- prop-lloro.
The dashed lines give the theorstical volues of the sound lavel
as calenlated by the Culin theory. The agrourent betweon cxperi-
ment and theory isg pood for the 2-blade propeller over the entirc
rangz of ti1p Mach nmumbers from 0.3 to 0.9. Thore iv a constunt
discrepancy of about 2 decibsls which may be dquo toH micrnphonc
calibration. The agreement betwoen exveriment and theory is £lso
gncd for the 7-blade propeller at the high tip Mach mumhor but
becomes procressively worse at the low Much numbers. Thin
discreponcy is baliuvel to bo due to the vertex rolce which 1o
not concidered in the Gutin theory. The scund spoctrum obtained
from the T-blade proneller confirms this belief. At the high tip
speeds the sourd is almost a pure note equal to the blads pasoawe
frequencies and its harmonics. At the low tip npeods the vortex
noige drowme out or masks the characteristic Cubtin propeller sound.

Tt shoull be emphasized that for a glven prcpoller configura-
tion, tip speed, power, thrust, nnd torque, the Gutin theory
predictzs the sound prescurc. The good agrecment botween theory
and experiment on the 2-blade pror:ller indlestos thel iy
propsller tested is as good as cun be obtained for the particular
toot conditions of power and tip specl. Further reosarch n thlo
propeller would Le uselesg. It is seen, howevor, that on the
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7-blade propeller operating at low tip speeds the measured valuss
ezceeded the minimun values predicted by the Gutin thecry. TFurther
ressarch may be usefnl in 2dncing the vortex nolze on this
propeller.

The horsepower to the propellers ie indicated for both
vropellers operating at 0.7 tip Mach mumber. The 2.blade
propeller absorbs 59 horsepower and the T-blade propeller absorbs
97 horsepower. In gpite of the fact that the 7-blade propeller
ig absorbing nesrly twice the pover, the sound pressure is down
by 10 decibels. The reason for this is that the thrust has
been distriduted over more blades with tho rosult that the load

‘per blade is reduced. This meens that the Gutin pulses are less

for the 7-blale propeller than for ithe 2-blade propeller.. Therc
18 an~ther gain for the T-blade projuller bessuso only harmonics
of the blade ncssage are propagated, Thug, the 2-blale prepeller
radiates sound at frequencies of 2, b, 6, é, ete. times the
propeller rotation speed. Ths 7-blado propeller radiates froquencles
of 7, 14, 21,28, etc. times propuvller rotetion specd. Oinco the
sound. energy in the higher harmonicw is less thon for the lower
hormonics the total sound prossure is lesg for the T7-blade
propeller. The gain for the 7-blade propollor at high tip speeds
is not as great as indicated when the characteristics of the
Inmen ear are considered. This subject will be discussed later.

. Figure 2 shows two propellers which were tested on an
electric motor. It may be noted that the Cud propeller operating
at a crulsing speed of 2100 rpm 1s absorbing 40 horgepower and
radiating sound energy at. a level of 107 declbels as neagured at
a distance of 30 feet from the propeller. The 7-blade propeller
having 2 smaller diameter *c absorbing L8 horsepcwer at the same
rpm and the sound energy :adisted 1o 86 decibels, a reduction of
21 decibels. Thise is nct intended ss a practical application but
serves tc demonstrato that the sound presguro cun be greatly
reduced by operating at lower tip npeed and by using a greater
ntmber of blades, :

- The vrevious discussion has dealt primarily with the sound
vressures without regard to the frequencins or the loudnoss of
the sound 28 heard by the hwman ear. The charactoristics cf the
humen ear ave given in figuwe 3. This chart is talien from
roference I and 18 considered as & standerd by accoustical workems.
The vertlcal scale gives the sound intensity cr prossure in
decibels, the horizontal scaele the sowmd frequoncy. The solid
lines give the loudness values as obtained from listening teagts
made with a large muber of obsevvers. The lowest line glves
the threshold of hearing. It 1s designated rero decibelu.  The
loudness 1s defined as the loudness of a puve tone of 1000 cycles;
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therefore, the loudness levele and the inten@ity levels colncide at
1000 cyclem. If the frequency of the tcne lo reduccd, a greater
intensity ie required to give the seme lomdnnsa. Thus, 11 the
frequency is reduced from 1000 cyclea to 'O oycleo, the intensity
must be increaged from zero decibels to 60 decibels in order to

keep tho tone audible. In goneral, for any sound intensity below
100 decibels the ear 1s much less senzitlve to the lower frequencles;
therefore,a greater sound intensity may be toleratcd at the low
frequencies for a given lovdness level.

This fact must be considered in a design of a propellecrs.
If the freauency spectrum is ralsed, the loudness moy be increased
evon though the sound preasure hac becn reduced. It has bsen
shown that the sound pressuro can de reduced by decreaging tip
spesd and by increasing tue nmvmber of blades., Tor a given
propeller, decreacing the tip speed alco decreases the frequoncy
of the sound as well as the pressure and thevefore an additional
decreage in lowdness iz obtalned, because of the characteristlca
of the human ear. If the -ound pressure is reduced by adding
blades at a given tip spcod and dlametor, the loudness may not
be reduced much because this increasss the [roquency, thereby
placing the noise in a frequency rangs in vhich the c¢ar is moro
sensltive.

The characteristics of the human ear alsc explain why
helicopters are inaudible at a distence of a Tew hundred feet.
The iwndamental scund frequency for a helicopter and the I'irst
three harmonics fall in a frequency band betwcen 15 and 60 cycles
per second, which is a Trequency range approaching the low
frequency cut-off for the ear. There ies no basic reason vhy
airplanes cannot be made *o operate 2z quletly as helicoptere.
The airplanc requires only absut one-tenth of the thrust, there-
fores the sownd pressure for the alrplune is much leoz for a
given tip spseed.  The difficulty llies in bringing the freauency
of the airplane propsller dovm to the range in which the ear 1s
insensitive. In order to meke *he airplane as qulet as the
helicopter, 1t is not necossary to make the sound frequency tho
same as a helicopter. It is noecessary to make the combination
of sound pressure Intonelty and frequency such that the airplane
will be on the same loudness level contour ag the lhellcopter.
Thus if a heliconter hes a sound intensity of 80 declbels =t a
given distance at a Treguency of 30 cycles per oecond it will
have a loudness of only 40 decibels. If tho alrplane propeller
has a freguency of 100 cycles per second, to have the sime
lovduess requires that the sound presenre be reducod to A0 decibels.
Thig i3 an over simplification of the problem bscanse propeller
noige 1z not a pure tone. The exemple poerves, however, 1o
11lustrate the essential catures of the problem.
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Table I - Relative sound energy for a two-blade propeller as a

function of tip speed.

Sound Sound Gutin Gutin
, Power Energy Eneryy Sound Sound
Tip Lo Rad iated Rad iated Energy Energy
Speed Propeller (Gutin) vortex
3 Noise Power Vortex
(T.5) . (T.8) (T.S)lo to Sonrd
(7,519 Proreller Bhorgy
1 1 1 1 1 1
1024
2]
2 8 (30db ) 45 128 23
diff.

TOTAL SOUND PRESS.

NATIONAL ADVISORY

IN DB COMMITTEE FOR AEPONAUTICS
130 7 o)
59 HP TO ,
PROPELLER
120 4 o~
. 2 BLADE PROP.
AT 16.5° PITCH~.__
110 -
S ot~ 97 HP TO
PROPELLER
1004 GUTIN'S
THEORY ——
2 BLADE [
90 - ~ .~ 7 BLADE PROP,
AT 12° PITCH
TT-——GUTIN'S THEORY
80 - 7 BLADE
1 1 ] 1
0 2 6 8 1.0

Figure 1.~ Test data

TIP MACH NUMBER

for two- and seven-blade propeller compared
with Gutin theory.
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SOUND PRESSURE AT 30 FEET

CUB PROPELLER NACA HIGH-LPEED PLADKS

Sensenich No. 70L45 Nou 4 B30s-03
1 I

R.P.M, —eemeee 2100 R.P.M. - - - 2100
Tip Mach No. -~ .87 Tip Mact No. - - B
Fitch - - - - - 12.8° Piteh - - - - ~ - 21.57
HP - - - - - - 40 HP - - - - -8
Sound Pressure 107 db Sound Pressurse - - &6 db

Figure 2.- Test conditions for sound recordings.
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PROBLEMS IN THE DESIGN OF PROPELLERS FOR NCISE REDUCTION
By Arthur W, Vogeley
The increased publicity being given to airplane noice indicates
that necise reduction is now not merely desirable, tut necessary.

t is gererally recognized that the worst noise sonrcey are the
engine and the propeller. It ir relatively easy to quict the engine

by muffling, but it secms that the propeller is much more difficualt

to handle. It has been shown that propeller noise may be reduced by
reducing nropeller section speeds and by increasing the nwiber of
blades, At the present time, this eprroach appears to be the cnly
answer to the problem,

Everyone iz worrving ahout what Lhis mesns to the ligiat airplane.
It will mean gear reduction since the only other alternative Tor
reducing propeller sestiun speeds, thot of reducing propeoller diameter,
cannot be tolerated because of the penalty incurred in take-ofl
performance. More blades mean complications, increased maintenance,
and the necessity fecr having a starter on the cngine since it will
be difficult to crank the engine through safely by bund. 1t mey also
require some form of pitch contrel. The whole business 2uppears to
add up to increased cost, woight, and complexity.

Let us, for the moment, however, try to forgut the costs
involved and just see what happens whon we attempt to design a loss
noisy propeller for a typical personal. airplonc. The alrplanc
chosen has a top speed of 130 miles per hour, cruilues at 120, and
takes off ut 55, It is powered br a 125-horsepower wngine rated
at 2550 revolutions per minute. It lins a 2-blade direct-drive
propeller, 7L inches in diameter. This propeller produces sound at
e level of 100 decibels.

The design chosen to reduce the noise is an O-blade geared
propeller. The diameter has beoen kept constant, because, as mentioned
before, reducing the diameter is undesirable from a ceonsideration of
take=off performance, and it is assumed that, the diameter cannot be
increased without radically changing our present airplane configuration.

Let us now see what this S-blade design means in terms of sonnd
reduction. For this purnose, figure 1 has been preparaed from figure 10
of Thecdorsen and Regier's report on propzller noise (refercnce 1.

The present 2-blsde operating point is located at 100 ducibels cond

at an effective propeller Mach mutber of 0.6 (the wlffeciive propeller
Moch number 1o taken at the 0.8 radius.) On this figurc is also
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shovm: the new desi~n condition. The effective lach number has becn
reduced approximetely SO parcent and, according in t”vozy the sound
level should be reduced to something less tran LO aecibelce. 1t should
be rememberad, however, that the prescnl theory uniglocts voertes nelse
which becomes a protlem when the propeller operetes ab Low rotntional
speeds. Contequently, the sound rediction te be cxpected Urom thueory
will be opbimistic. MNevertheless, it is hoped that by ta
an ¢xtremz cnse the sourd level will still rcemein below the desirable
maximua sound level of approximotely 60 decibels.

B Yo r~~|r\'.»,
[ Lt b

Tt should not be inferred from this discussion Lhat an B-blude
propeller is the ouly pOSgl”lF answer to tﬂb noise problcm. Figure 1
shows that many other solutions are po""lrle. Cne particular case
has Jjust bLeen taken as a first step.

The next two figures will show the reletive nerfornance of the

8-blade gearcd D"onclnvr as comparcd to the original 2-blade dircet-
drive propcller. GComparisons hav: been made both as & fixed-pitch

and as a controllabLV propeller. These comparicons ars bascd on
caleulations using available theory and data. TIrow an acrodvnanic
standv01nt, the ruqumrsment of quicter OD“f?th introduces no
additional problem.

Figure 2 compares the perfornnncu of the {-blade goared wrﬁuxiler
Tith the original 2-blade direct-drive propeller, toth opersting in
fixed pitch. It is seen that the maximum spezd and crulsing apond
renzin practicually unchanged but the tako-off distance wilh the
8-blade preopeller nas been incrnased about ¢ 8 prreent.  Desipnors
may rot be w:l;lnL to accept t 153 reduchion in take-orf performance,
but 11 it can be tolerzbted then the necessity for providing pitch
control is removed.

Mr, Cr

aiameter, t

propeiler piten.

t-blade propeller, if made controlla
le pro

igler, in his paper, has shown thal with a glven propeller
he take=-off performance can only be anr-ﬁdcd by varying
teh.  Censcequently, 1t is well to deturmin 2 Lev the

al;

e, will compare Witw conventional

5.4.

contrcllaly opellers,

Wigure 3 shows this comparison. Hore agaln, namdlmin and crrising
speeds romein unchanged. By going from & 2-UI ﬂdo diregt-drive flxcd-
pitch prokcLLer to a 2-blade dircct-drive centrollable propeller,
the take-of{ distance is reduced approximatel; 22 povcent.  Chamging
to en S-blade controllable proppl]ﬂr, a Carther reduction in Lare-
of f distance of approximately L percent is realinzed,

This brief study has shown that, from an worodynomic standpoint,
a auicter fized-pitch propeller may be huilt if some Incrssoc i takeée
off distance can be asccenbed, bubt 1f & controllable propetice can bu
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built then a small improvement in teke-off perfermance cen actually
be obtained.

As a matter of interesy, figure l; shows approxinately what the
E-nlade propeller weuld look like. The blades arc more or less
conventionzl, the hub has been nade lurge enough to centein any pitch-
change mechanism yet not se¢ large as to increase the cnpine cocliug
probiem,

I would like now to go back and review some of the problems
mentioned earlier and present scme rardom thoughts about these
rroblems.

Gear rpaurtloﬁ means increased weight, but, sinee pear reduction
is already necsssary to reduce noise, then one can, perhaps, reduce
the weight panaltj by redesignirg the cngine to operate at higher
revolutions per minute with a resultant increase in horsepower ner
pound. :

At first glancs an S-bladu propcller would appear to e four
times 2s heavy as & 2-vlade propeller, Lub, bscause the rot.ational
speed has been reducad, the centrifugal forces heve been reduced,
and, because the nunber of blades has been increasced, the thrust
and terque loading per blade has been reduced. Cogsuqucnt]y, the
blade stresses have besn reduced enormousl: ard this should make
possible the production of considerably lighter Llades. A brief
stress analvsis, considering only thrusi, torgue, and centriiugal
forcs, indicztes that almost any nater_al that will hold its shape
wonld bu structurzlly satisfactory. This may cpen an entirely new
field of blade fabrication.

The design of a pitch~change mechnnisn for an 8-blade propeller
would, at first, also apperr to he ver; complicated, hlowever, if it
is remembered that a 2-position propeller is a zood substitute for
a continuvously variakle--pitch propeller (at least under the conditions
of light airplane operation) then the problem is considersbly simpli-
fied. Furthermore, becausze of the low centrifiugal forces and low rota-
tional speods thp design for controllability is still tfurther simpli-
tied, It appears possible thot an extremely simple 2-position
mechanicm could be built.

ar
(L

5
(_!

Producing a less nolsy vropeller is a very tough proposition,

but it is heped *hat this study has shown that if quietler propellers
are demended, one can, by careful consideratioa of their peculiarities,
reduce the penalties thet must be peld.
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- DRAG CLEAN-UP
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PERFORMANCE GAINS BY ATTENTICN TO DETAIL DESIGN

By Herbert A. Wilson, Jr.

During the war the most important work of the Tangley full-scale-
tunnel section was the drag clean-up of military alrplanec. .In crder
thet this work could be made available for general use, it hae been
surmarized in two reports (referencesl and 2). These reports include
the results ~btalned with 23 airplanes and point out the advantaces
to be obtained from caveful detall design.

Umnecessary drag wns found to result from (1) projection of
varicus items outside ~f a smooth basic comtour (2) roughness of
surfaces (3) unintentional leskage of air through the airplone

structure und (4) the uee of large quantities of excess alr for
varicus cooling functions.

In order to show the relative imnortance of these items and the
locations in which they ave likely to occur and.also to acquaint vou
with the procedure that was uesed during the investigations, the
clean-up of a typical airplane will be descrided first ard lator
scme selected datall cases taken from thres alrplanes will be givon.

The first step of the clean-up is the examinaticn of the airplanc.
Foints at which it is suspected that there is unnccessary drag are
studied and analyzed carefully so that chunges to reduce the drsg can
be designsd. The airplsene 1s then put in 2 faired and sealed conditlon
in which all protrusions have been remcved or carefully faired, all
openings have been closed, and all external lesks have been seulnd.
Item by item the airplene is retwrncd to ite scrvice condition end
the drag iz evalnated zt each step. TFor example, figure 1 shows
such an airplane in the faired and sealed condition. Only the basic
cambination of streamline body, wing, t2il surtuces, nnd cockplt
enclogure remains. We use the drzg of this busic condition as «
reference and call 1t 100 purcent.

The eirplane with all the items added that pertain to the power
plant installaticn is shown in figure 2. Removing the strommline
nose that was added on the NACA open-nosc cowling and opening the
cowling exit so that the engine cooling air could flow =dded
18.6 percent of the drag of the basic condition. Adding the wunfaired
carburctor scoop addsd 3.6 percemt, opening the outlot at the back
of the accesscry cumpartment added 3 percent, installing the pro-
Jecting exhaust stacks and opening up the hole through which they
projected increased the dragz 3.6 percent. Inetolling the intercocler
scocp, and allowing alr flow through the ducting syctem, increased
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the drag 6.6 percent and installing the oil-cocler syatem coneisting
of an external scoop and an unnecessarlly large outlet increased the
drag 10.2 percent. These items total 45.5 percent of the drag of
the basgic condition.

Next, the rest of the items necossary to put the wirplane in
the service condition are added. In Fflgure 3 it is reon that
removing seals from the gaps on the cowling fiups increcged tho
drag 3.4 percent, opening the case and link ejector chute gave
1.8 percent, and opening the goal around the cdges »f the landing-
gear dcors increased the drag by 1.2 percent. Addingz the sand-
gsurfaced slip-proof walkvay added 4,2 percent, installlng the radio
sorial added 4.8 percent, nd edding the machine gune and tlaet
tubes sdded 1.8 percent. This eeccnd group of 1teme which include
protrusions, roughness, and leakage totals 19.2 mercent,

Look at what has happened to the clean alrplanc we gharted

with! In order to muke 1t usefvl we havo increzsed its drag nearly
65 percent, mostly by adding ltems that by themselves do not appear
particularly largc. :

‘A1l of this drag, however, 1s nnt necess Xry. Additicnel tests
and careful snalysis showed that the drag of the power plent itoems
could be roduced to 2€.5 percent and the drag of tho ronchness and
leakage items could be reduced to 2.0 vercont, thus saving nearly
36 percent of the drag of the beslec copdition. oOn this alrplune ’
which 18 in the 32%-milc-per-hour class this amounted to Y miles
per hour or about an 8 percent incresse in spred. 2

It is particoularly impcrtunt to note thut in zenersl those ltoms
have drags of only a few porcent each. Yet, when taken altogether,
they add up to an impressive total. We gtarted with an airplane in
figure 1 thot was cxceptlonally clean and iIn bringing 1t to a usable
configuration unneceseary drag was addoed alon: with the drag agsocl-
ated with the necessary functions.

Tn order to 1llustrate the principles of clean-up in more detall
a fow additional items from other airplencs ar¢ shown. In 211l theso
cacos the increments are given in terms of increments of draz coeffi-
cient, Tor your information it is pointed out that o rednctlon of
0.0002 in the drag ceefficient of the 305-milc-por-howr alrplann
Just shown would increase 1ts speed by shout 1 mile por hour. On an
airvlane in the over 40O miles per hour cluss, +he woin from the same
drag increment would be 2 miles per howr and on an airplane in the
200 -mile-per-hour class, the gain would be slightly lese than 1/2 mile
per hour, : '
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The upper half of figure 4 shows an engine exhauet gtack cf the
lzrge-bore gtovepive type which was one of two cn an airplane. The
mfelred protrucion and excess eir leakage cauced this installation
to have high drag. Engine vperating tegts nrade beth with the
criginal stacks installed and with individnal Jet tvpe exhaust stacks
sanwed that the cumbined reduction in drag end increase in thrust of
the cleaner ingtallation wovld increcse the airolan.: speed by
approximately 12 miles per hour.

On the lower half of the figure is chown an exhaust-stack
installation that does not protrude. Sealing and fairing thig
exhaust opering decroased the drag by 0.0010., The Torm drag 1is not
large, but an excussive amount of air was allewed to flew out of
this opening at a high engle to the free stream. The dragg of this
Installetion could be greatly reduced by reducing the airtlow to the
minirmm that would cool the stacks, and directing the diugchurged
air rearward,

Some mekeshift methods ~f providine engine cooling have been
found to cause exceseive drag. Opening holes-in the cowling elther
before or behind the engine is especially bad beeause of the high
Preseure difference bautween the inside and outside. In fioure 5
&n airvlane is shown in which holes were cut through the cowling
Just behind the cylinder bafflcs in order to romedy ungatisfactery
ccoling of the engine for the climd condition. The heles Tailed to
provide the desired improvement in cooling and full -scale-tunncl
tests showed that the flow disturbances caused by tho holes increased
the drag ccefficient 0.004L for the cowlings of the two enzines of
the =zirplane, The remedy in this case was to close tho holes and
provide adsequate and well desigmed cooling alr outlet area elsewhero.

Aleo in ancther case, cutting a holo through the cowling ncar
the nese to get clearance for o mechine-gun blast tube increused the
drag 0.0029.

Althoush we ordinarily cxpect high performance airplance tn
have retractable landing gears, figure 6 shows o gingle caeo in which
2 fixed landing gear was used. It was provided with the blunt chort-
tailed fairing shown by the sketch. Adding the longer falrinug shown
which extended both nose and tall reduced the drug coefficlent 0.0008.

An example of the more normal case with the lunding pear
retracted 16 shown in figure 7. The lower half of the figure shows
the original production inetallation for this airplanc. FHalf of tho
vhesl well was left uncovered and the rongh hele there caused poor
flow and high drag. The covor wes then extended o cover the entire
well, but ves not sealed. ‘This reducod the drag by only 0.0003, but
when the 1/8-inch gap around the edgs was gealed, the drag wag
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decressed another 0.0009 or a total of 0.0012. This emphrsizes the
necezsity for preventing random leakage of ailr through the alrplane.

Now thet you have seen how refinements in the detall deslgn
affect high-speed alrplanes, let us consider what the spplication
of these principles to personel aircraft means. There are great
differences in the characteristiceg and pwrpose of military and
perscnal airplanes. The military airplancs flsw at speeds of
325 te 450 miles per hour and had wing loadings of from about
25 pounds per square foot up, in contrast to the much lower speed
and wing loeding of rersonel aircraft. The increments have been
applied cnly to the top sveed, whereas the personal aircraft designer
is Likely to be interested also in the horsepower rcquired and fuel
economy ab.the crulsing speed.

Suppose for example that an airplane could be cleancd up o
the extent of redncing its drag coefficient by 15 percent. Based
on the results obtained with military sirplanes this scems reasonable.
Since the spced varies inversely as the cube root of the drag ccoffl’
cient, this would give a gpeed increase of approximately 5 percent.
Now considcring the horsepower required i'or crulsingz which variles
directly in provortion to the drag coefficient, 1t 1s essen that a
15 percent reduclion in the cruising drag coefficient would be a
15 percent reduction in cruising horsepower or 22.5 horsepower for
an airplane that crulses on 150 horgepowcr.

In conclusion, I want to weint out two thinzs further. First
that the gains that will result from careful attontion to detall
design are likely to be greater than the differences In drag between
zirplancs of different clean basic confipurations. Also, os the
epecds snd general performance of personel aircralt udvance, the
impertance of gocd detall design will increase,

REFERENCES

1. Dezrborn, C. H.,, and Silversteln, Abc: Drag Analysis of Single-
Fngine Militery Alrplunes Tested in the NACA Frll-Scale Wind
Tunnel. NACA ACR, Oct. 19kO, '

2. Lenge, Roy H.: A Swmary of Dragz Results from Recent Tangley
Tull Ceale -Tunnel Tests of Army and Navy Alrplance,
NACA ACR Wo, TSA30, 1945,



" Wilson

’/A\;
P

Figure 1.- Clean-up airplane in the faired and sealed condition.
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8.6 33.6 6.6

Figure 2,- Clean-up airplane with power-plant-installation drag
items added.
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36 66 POWER PLANT--45.6

LEAKAGE AND
ROUGHNESS --- 19.2

POSSIBLE 64.8
REDUCTION ---- 35.7

Figure 3.- Clean-up airplane in the service condition.
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Figure 4.- Exhaust-stack installations.
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Figure 5.- Cowling with holes cut through behind baffles.
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Original fatr

Modified fairing
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Figure 6.~ Fixed-landing-gear fairing.
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Figure 7.-
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Retracted-landing-gear fairing.
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SOME REMARKS ON THE STRUCTURE AND STATISTICS OF ATMOSPHERIC
GUSTS IF RELATION TO THE PERSONAL ATRTLANE

By Charles C.. Shuf'flebarger

The flight loads on perconal airplanes aro governeld by the
seme principles that apply to othew types of airplanes. Our
research on loeds therefore is, in zeneral, applicable jto the
pergonal airplane.

For meny alrcraft, especlally those 1In the nnnacrobatic and
transport categories, the loads Imposed by custo are critical in
the design of the main wing otructure, Regardless of the catozory
of the airplane, however, the CAA degirm requirements on gust
1oads arc the same and the gueation arises ag to whether thoese.
requirements are applicable tc perscnal alrplanes. While the
Leboratery's investigations of gust loads have not been dircctod
primarily toward establisk ng what those loeds are for personal
airplanes, the investigations have boon, nevertheless, cf a
fundamental nature, so that much of what has been learned is
applicable to light ailrplanes.

The design of alrplenes to withstand gust loads requires
not only a knowledge of the intensities of the guate dbut it
requires further a knowledge of the sust structure - namely
the velocity gradiente and the spatinl dimensions within which
the velocity changes take place. IFiguwre 1 summerizes the reaults
of some of our investigations on st structure. The effectlive
gust intensity U, 1s plotted ngainst the zradlent distance H.
The gradlent distance 1s the distance within which the veloclily
or intensity of the gust changes from zero to a maximm and 1%
is given in terms of wing chord lengtha. The dota plotted wero
obtained from moasurements of acceleration and airspeed on thrue
airplancs ranging in size from the small Aeroncu light airplane
to the XB-15 bomber. Tach point on the plot reprogente tho most
probable gradicnt distance of a large number of gueta having the
intenslty chown, and the plot therefore indlcates tho size of
the gust most likely associated with eny given value of theo gust
inteneity.

Tt can be gocn that the data all fall into the sume pattern
within the limite of the scatter regardless of tho size of the
atrplanc, It may thus be concluded that the gust structure on
which the cuwrrent design requirements are based i3 ag aprlicable
to the smell alrplane as to the larger traneport typec.
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Tigure 2 further subsbantiates the appllcability of our
findamental guot inveetigations to the cmell airplanes. Statistical
doterminations of the frequency distribution of rust intensity
are often of velue and shown here are the relatlve freguoncy
dietributions of the effective gust velocity. These ¢requency
distributions are simply a plot of the relative froquency of
ocourrence of gusts whose intensitlec lie within certain limits.

For example, o relative fr-iuency of 10-3 means that onc cut of
1000 gusts encountered (on the averags) will have an intensliy
equal to or greater than tho corresponding gust intengity shown.

The two frequency distridutions shown wore taken from reference 1
and represent the frequency distridutions a= doteormined by measnro-
ments with a Lockheod XC-35 airplene and by measuremonts with an
Acronca C-2 airplane. The measurenents with the ¥0-35 were taken
within thundsretorms at all altitudes butween ahoub 5000 =nd
35,000 fcat. The measurements with the G-2 cn the other hand
were taken in turbulence saused by shzaring of the wind sloge to
“he grownd. The frequency dls vibutiong, a8 ctn be scen, aro
nearly identical notwithstanding the sonsiderskle diffcrencues
botween the airplanes on which the measuvrements wero made and botween
the metecrological conditions associated with the turbulent reglons.

The actual choice of design values of gust intensity dopends
on the operating condl*ions, which determine the turbulent reglons
of the atmosphers through whick the varlous clagses of airplanes
will fly. This question involvea the statiotics of operating
practices, and cur statistical studies have centered largely ebout
the prodlsm of the transport airplene. Thero is some evidence to
show, however, that the design gust intensity of 30 foet per second
now incorperated in the desisn requiremente is reagonable az
applied to the personal alrplane category. This evidence 1s shown
in figuro 3. The absolute frequency or the mmber of gusts of a
given intsmelty that will be cncountered within a given period of
operation depends upon the ratlo of the miles flown in rough alr
to the +otal operating milcs flown. The curve in figure 3 takon
from refercnce 2 shows tho result of absolute frequency dotermina-
tions for transvort airplenes. Tho cbsclute froquency 18
represcnted by the invorse quantity distonce M, in terms of
operating miles required to encownter a gust of a asiven inmtensity.
The curve shown is glven in terms of unlt cherd length end 1t
applleg specifically to average tranaport conditions for vhich
the path ratis R or ratic of mliles flown in rough alr to total
operating miles 1is 0.10. The dilstance requlred tc encounter one
guet of a given intensity for any value of the chord length and
for eny value of the path ratio can be determined from the curve
snd by application of the formula zhown on fiowre 3.
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The operating miles M and the operating times M/V shown
in the inset teble were determined in the following manuer: An
arbitrary obsolescencs operating tims for a typilcal transport
alrplane was selected. The value chosen was 20,000 hours and the
chord length end operating speed of the alrplane were taken ca3
12 feet and 200 miles per hour, regpectively. The path ratio was,
of course, taken as 0,10 corresponding to average transport
operating conditions. These mmbers, when incoiporated in the
formula and with M, taken at a value corresponding to a guet
intonsity of 30 feet per second in effsect stipulate that this
value of the gust intensity which corresponds to the limit load
factor will be equalled or exceeded a given number of times within
the selected operating life. Now, 1f we choose a perzonsl air-
plane and permit it to encowntor the same number of gusis equal
to or exceeding 30 feot per second within its operating life, we
can solve for the operating 1life and compare 1t with that originally
chosen for the transport eirplane. The path retic R, however,
requlres some modification from the voalue applicable to average
transport conditions., We suppose that the personal airplane will,
on the whole, be operated at scmevhat lower altitudes than le
common to average transport operations., Some of the earlier
trensport data taken when operating altitudes wvere in the neighbor-
hood of 3000 to 5000 fect indicate that for such conditions a
path ratio of 0,20 is more nearly applicable than 0.10 to the
personal airplane opcrations. When this value of path ratio is
usged in compuvting the operating time for the perscnal airplane,
the value of about 8900 hours of cperetions ig found, something
less than half of the operating life chosen for the transport
machine.

The only significance we attach to this result is that the
operating lives of the perscnal and transport airplanes work out
in a proper rolative order. If we had fomd, frr axample, that
the operating life for the personal airplane worked cut %3 be
substentially larger then that of the tranapo.t airplane rather
then substantlelly smaller, we would be in a position to say
thet the desisn gust intensity of 30 feet per second was probably
toc large to be correct for the personal-airplane category. In
this comnecticn 1t might be noted by referencc to the flight-path
cuvrve, that smell or moderate changos in the gust-intonsity result
in fairly large changes in the operating flight path. For example,
a change in gust intensity of only about 6 percent will result in
a chenge of the flight path by a factor »f 2.

In conclnsion, ccnsidering gust structure, the relative
frequency dlstribution of gusts, and tho cperating times for the
transport end perscnal elrplans, the deslign guct veloclty of
30 feet per second appears to bo of the right ~rder for personal



as well 28 for transport airplanes. It should also be mentioned
that the gust load will probably be the design loals for a
number of airplanes, especially for the noaacrobvatlic types.
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MANTUVERTTG LOADS ON VERTICAL AND
BORIZONIAL TATI, sSCURFACES

By Henry A. Pearson

Dniing the war e number of Joad Invertigationa were under-
saken whcse recults cre aprlicable *o the personal alrplane.
These inveatlsations had tc do both with the deternination of
the load magnitufes and the loat dist-ibution. Cwing to
limitations of time we will confina cur remarks to vhat has been
done and whet Jg available for the detemmination of the loads
on horizentel snd vertical tail ourfaces for alrplanes in the
acrobatic category.

With regard to the determination of the magnitude of the
herizontsl tall load, much has been accomplished to retionalize
the problem and to relate the tail loads to the gecmetry and
stebillity characteristice of the machine. In this connection,
a convenient method has been developed (reference 1) by which
it 18 possidble to compute the horirzontal-tail load and the
wing load for any glven elevator deofloction. The method
requires a knowledge of cortain stability derivatives which
mey elther be obtained from the available wind -tunnol results
or may be ccmputed by ordinary engineoring procedures.

Figure 1 shows the agrecment which is obtained betwaen the
colenlated and experimental tail loads for tho XP-H1 airplane
in a pull-cut maile at about 315 miles per hour. The calculated
rosults are based on the actunl clevabkor motion used in flight.
Tt will be eeen thah the agrecment of the londs on both the wing
and tall 13 exceptionally good.

It might be mentioned that in this case, the necessnry
stebility derivatives wero obtained from model tests. Other
comnarisons (see reforence 2) which have becn made for airplanes
of various sizes alsc indicate good agreement so that with
regard to the horizontal tail lozd, 1t mey be statcd that a
method exists whlch ie not only rational but which glves goed
agrecment under usuael conditions. In fact, such a method har
alrsady been Incorporsted into the design requiremernts for
nilitery machinses.

Although a suitable method exists, a fundamentsl parst in
arplvine, it ©or computing tho design loed on “he horlrzental
£21i2 has been in tho specification of th> control meticn to te
uced. Some work hag been done in this fleld and the rates.ol
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control movement and the forces which a pilot is capable of
exerting on the stick have been investigated. (See reference 2. )
The results of these investigaticnsg have made possible the
gpecification of conssrvative stick moilons which are within

the physical capabilities of ths pillot end which can be mede

to tie in with the specified load factor. TFor deslgn, the most
conservative control motion 1s the one in which the pilot pulls
the stick beck as rapidly and ag far as 1s posalble, followlng
which 1t 18 meved forward rapidly in time to check the moneuver
at the specifled load factor.

Some effcrt has also been directsd toward retionalizing
the vertical tail losd problem and two pertinent reports have
been issued. (See reforences 4 and 5.) As in the case of the
horizontal tall, the methods which havc been doveloped depend
on both the geometric and stability derivatives of the airplenc.
Figure 2 shows how well the calculated end oxperimental vertical
tail loads agree for a rudder kick maie at 250 milec per hour
with the P-LOK airplene. The dotted line shows the computed
loed using the experimental rudder motion. It 1s scen that as
in the cage of the horizontal taill, a reasonablc agrecment was
obtained between theory and experiment. Therefore, 1t scema
ev"dnnt, ag wes the case with the horizontal tail, that providing
the rudder motion and aercdynamic characteristics are known, the
ccrrect taill load can be calculated.

In order to illustrate what happens to the vertical tail
load with different types of rudder motion, the resuvlts of
scme computations are presented in figure 3. While the 1llustra-
tive examples apply to a large flylng hoat flying at 200 miles
per howr, the results are qualitatively applicable to eny type
of alrplane.

In the uovper left hand ccrmer of floure 3, we have an
instentanscus rudder kick of 10. MNirectly helow we see that
the load on the vertical tail at first incroases by 1200 pounds
and then, a2s the eirplune swings toward the equilibrium poeition,
the lead reaches a maximm value of 1500 pounds, finally after
sevoral oscillations, attaining e ateady value of cbout 700 pounds.
Thus, for thig particular machine the ultimate design load for
which the *tail was designed would be reached by en instantaneous
deflcction of about 19° at the initial condition, of only 15€
at the midpoint,and of 33° at the endpoint.

It has been thought that in the fishtalling maneuver any
vertical taill surface could be broken providinn the maneuver
were continued sufficlently long., The top right hand portlon
of figzure 3 shows a rudder operation of 1° made in resonance.
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with the alrplane's natural pericd. The lower right hend curve
shows the tail load computed for the above rudder oscillation. It
1s seen that in this case the vertlczl tail load, after about two
cycles, reaches approximately 2700 pormds per degree of deflection|
whereas, 1f carrled on indefinitely, 1t would ultimately reach
2800 pounds. With this partlculer maneuver, only about 9° rudder
'movement would cause the tail load to reach the ultimate deslgn
velus. Tt can also be ssen that the tail load approaches a limit
ard does not increase indefinitely as might be supposed. By
compering the two cases, it is seen that the type of ruvdder motion
has much to do with the vertical tail load, In fact, 1t 18
possible to build up the tall loed to larger values than are

ghown by imposing combinations of the two types of rudder motlon.

The logical specification .of a rudder motion, however, is
more difficult then the srecification of an olevator motion
Pecause there is no well established lateral acceleration to
which the rudder motion can be linked and algo because resonan
effects ave likely to be more pronounced on the vertical tall
load then in the case of the horizontal tail load. Large vortical
tall loads also arise from other maneuvers such &8 & rolling
pull- out( see refeorence 5) ag well as from direct rudder actlon.
Since this subject 1s covored in one of our rceent roports (see
reference 5) and since rudder motion 1is not a main factor in
rolling pull-oute, the subject will not bo covercd at this time.

Sumarlzing then, we cen say that with regard to teil loeds
adequate methods are avallable for computing the loads which are
imposed for & given control motion. With resard to control
motions, we have reached the point whore the gpecificatlion of
a reasonable elevator motion is pescidle, Althoush we have
not reached a similar point for the rudder motion, gtatistical
data of the types of motions ueed by pllote ure being obtained.
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SEAPLANE AND AMPHIBIAN DESIGN

Ry John B. Pacrkinson
INTROGDUCTTION

During the war, research on ceaplanes in the Langiey tanks
wag mainly ccncerned with the large multizngine flying boats
uzed for patrol and transport missions. Attention was centered
on hydrocdynamic stability and spray problems associated with the
overloading of existing types, and on the design of very large
long -renge transports liks the Martin Mars end the Iughes Hercules
(reference 1). Little direct sxverience was gained with the
snaller seanlanes and amphlibilans; in fact, it appeared that
hydrodynemic problems related to their design and operation were
“minor or were being adequately solved on ths tasis of cxisting
information.

Basically, howover, the designer of water-baszd airplones
is confrnnted with the same gensyal requirements rogardless of
gize or configuration - the attainmont of adequate take-off
performance, hydrodynamic stabllity end contrcllability, and
geaworthiness with the minimuin of penalties in aerodynamic
performance. Different combinations of wing loading, pewer
loading, and arrangement alter the relatlve importance o the
various hydrodynamic requirements, but thcey must all be properly
congidsred to produce the most successful design. In this light,
the Aata and conclusions in the Wartime Reports from the tenks are
arplicable to the porsonal -alrplens field, and provide addlitional
background for post-war developments.

CONVSNTIONAL HULLS

Hydrodynamic Resistance

Relative impertance.- With low power loadings, water resistance
is a rslatively wimportant criterion in hull desiygn as ccmparsd
to stabllity and spray. With high power loadings, about 15 or
16 pounds per horsepower, it tends to limit the useful load, prolong
the take-off run, and thus accentuate other hydrodynemic probvlems.

Frr the seme wing end power loadlngs, emall scaplanes tend to
kave pooror teke-off performance then large seaplanes bicause they
operete at higher Froude nuubers; that is, higher speeds in
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relation to thelr dimensions. The relatively low wing loadlinas
ugrally zssociated with personal -owner airplencs, on the other
hand, have e favorable effect by roeducing the lond on the water
and the take-off speeds.

Effect of length-beam ratio.- The watsr resistance cut the
vy spect end at high planing speeds is largely affocted in
oppesite dircctions by the hull size for a given groas weight,
Consequently, the ¢ffects of the slze of the hull must be
olininated as far as pessible when investigating the effecte of
length-beam ratio alone on take-off performance.

Cne method of holding sizs constent vhen comparing the
resistance at variovs length-besem ratios 1s to hold the product
of the length and beam constant. This procedure is analogous to
holding the wing area constant when comparing the draeg at various
agpect ratios. -

A typical cffect of increasing length-beam ratio while
holding the length-beam product constent on the total rosistance
during take-off is shown in figure 1. (Data.ic taken from
refercnes 2.) Increasing the length-beam ratio from 5.2 to 7.8
by increasing length and decreasing beam as indicated decreesed
the resistance at both the hump and high planing speeds, with a
resulting dzcreese in take -of f time of 12 percent. With a higher
power loading and smalleyr take-off thrust, the improvement in
take -of'f performence wonld of coursa be correspondingly greater.

Acrodynamic Drog

Significance.- The zerodynamic performance of scaplancs is
usually inferior to that of the corresponding landplanss because
the bulk of thw seaplanc is greater to provide spray clearsnce
for propellcrs end acrodynemic surfaces. Tmprovements in

srformance must be directed, not only toward reduction in the
drag coefficients of the hulls or flcate, but alsc toward rcduction
in gize by the use of more hydrodynamically ef'ficicent bottcms.

Effect of length-beam ratio.- The improvement in taks-off
performance with increass in length-beam ratio offuers the alternate
pos3ibility of reducing drag by reducing hull size without unduc
Impairmont of tho hydrodynamic qualities. Rescerch along thess
lines has been conducted by a wind-tunnel and tank investigition
(unpublished) of a related series of hulls with length-bsam ratios
of from 6 to 12, designcd to have comparable hydrodynamic cherac-
terlstice but smallor size as the length-beam ratio is increased.
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- The resulting hull forms are shown in figure 2 along with
the pertinent aerodynamic characteristice as obtained from tests
in the Langley 300 MPH 7-by 10-foot tunnel. The coefficients
are all based on the wing area of the same hypothutical seaplane
and revresent the absolute changes that would be obtaincd by
interchanging the hulls on the assumod design. Increasing the
length -beem ratio from the conventional 6 to tho novel 12, while
mainteining comparable hydrodynamic performence, raduces the
drag by somc 20 percent. The slopos of the pitching- end yawing-
moment curves (Cma and C v) indicate a possible roduction in

horizontal-tail area, dut a corresponding increase in vertical-
tail arse, when the length-boam ratio is increased. Tho over-all
trend on the serodynamic performence, howover, appears to be
favorable, -The hydrodynemic date for the scries arc not complete
but indicate the longth beam ratio 12 hull to b» as good as or
better then the length-beam ratio 6 hull.

‘Hydrodynsmic Longitudinel Stebility

Dxpamic models.- Research on the porpoising of seaplanes has been
carrisd out in the tanks w'th power=d dynamically simller models.
Those models provide a close simulation of actual sezplane operatim,
and their cheractoristice cen be directly correlated with pilot's
expericnce (reference 3). They demonstrate clearly to the design
engineer the relative importance of various hydrodynamlc criteria,
and the integrated effects of deslgn pnrameters on these criteria.
A number of reports on investigations of dynamlc models erc avail-
sble (references 4, 5, 6, and 7), which cover most of the
importent hull variables,

Take-off stebility.- All conventlonal seaplane hulls are
unstable on take-off if trimmed below the lower.porpoising limit
or above the upper-porpoising limit. For a given hull, the trim
depends on the position of the centur of gravity and the elevator
moment. These characteristice result in a range of stable positions
of the center of gravity for take off analogous to the acrodynamic
operating renge of center-of -gravity positions. The stabls center-
of -gravity range can be obtained in a straightforward mamner In
the tank or in flight tosts, and thus becomes a useful criterion far
hydrodynemic stebility.

Typical data, esteblishing the hydrodynamic center of -gravity

* range sre shown in figure 3 in which the meximum ampli itudes of

porpolsing cncountered during accelsrated toke-offs arc plotted
againet the fore-and-aft position of the center of gravity for
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one elevator position. As the center of gravity is moved forward
past the point where lower-limit porpoising is encountered, the
amplitude increases progressively to a dangerous value: likewise,
if the center of gravity is moved aft past the point where upper-
limit porpoising is encountered, the amplitude also builds up
progressively. Assuning e maximum allowable amplitude of 2°,

the hydrodynamic steble range at this elevator setting is from

30 percent to 37 percent of the mean aerodynamic chord. This
gtable range mey be shifted forward or aft by upward or downward
movement of the elevator, respectively. Extrems use of the
slevator to extend the stable range, however, is not favored by
pilots. ,

Because of the large cffect of the fore-snd-aft position of
the step on the hydrodynamic moments about the center of gravity,
the hydrodynamic center-of -gravity range is a useful criterion for
this important design parameter. If the hydrodynsmic range does
not correspond to the aerocdynamic opsrating range, it may be
shifted fore and aft- by moving the step. In practice, the step
is located largely on the basis of the desired forward hydro-
dynemic limit. Unless all the aerodynamic and hydrodynamic
moments can be closely estimeted, the proper location of the step
is best determined by dynamic model tests in tho tenk, in which
21l the moment-producing components of the airplane ars closely
gsimulated.

Landing stability.- Several flying boate and amphiblans have
had & serious form of hydrodynemic inetability during landing
(end in some instences during take-off) called "gkipping." The
skipping motions in trim end vertical position, particularly for
smell cseaplanes, are rapid and not under control of the pilot, and
the seaplane is often thrown clear of the water below flying
speed (reference 8).

Reseerch with dynemic modsls in the tenk has shown that
skipping is primarily e function of the landing trim and speed,
and thot the.cause of the instability is insufficlent ventilation
of the sfterbody area directly behind the step. Consequently,
sufficiont ventilation in this area, either by an adequately deop
step or by auxiliary ventilation ducts, must be provided to attain
stable landing characteristics (reference g).

Figure 4 from reference 9 i1lustretes the conclusions stated.
The date werc obtained from a dynamic model having insufficlent
depth of step for adequate landing stebility. At low landing
trims vhere the main step touched first, tho landings were smooth
with little amplitude in trim. At higher trims whore the af terbody
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tcuched first, the model skipped viclently at all trims up to the

'stall, An increasc in depth of stop irom 5.0 to 7.2 »ercont of

the Peam eliminated the skipoing for all practical purposes. The
corresponding date for the amplitudes of vertical mction show
gimilar trends with landing *trin end depth of' sten.

The relation between depth of sten and landing stebllity
provides a useful criterion rfor the minimun depth of sten
required. Similarly, the relative merit of other variations in
step design influencing the eflective denth, or the hydrod;namic
effects of fixed step fairings to reduce drug, can Yo evaluated
in terms of an impnrtaut, easily roco nized hydrodynaiic qual1ty
The chief hydrodynauic nenc]qy for a {ull aten fairiag iz the
saire as for = shallow step; that is, ateble landings can be rade

only at low trims and high landing speeds (reference 10).

Spray Charactoeristics

Relation of hydrod;naric loadiné cnd forebody dimencions.- It
has besn cormon experience inm the tanko that the & lencoh ol the
foretody has e pronounced effect on the cleannecgs of running at
texying speeds, also that changes in beam alone have o rolatively
minor effect, even though tho changes represent largd variactions
in. tean lo&dﬂng This experience and a »orrclation of the known
spray charascteristics of multlengine I'liring beats (re ersnce 11)
have led to an ompirical relationship betwsen the gross-load

£

coefficient and the forebody-length-beun ratle as Lollows:

By . {’ LeN\ 2
CL\O = ;;3- AN E—/ (1)
where
Lo the gross load, pounds
v density of sea water, O pounds per cubic foot
b beam, fest
Le length of foreboedy from bow to step, fest

and Xk is a coefficient that varies epproximetoly linearly with
the severity of the spray thrown at low water spoods over the bow,
into the propellers, and against the flaps. Low values of

I, 0.0% to 0.07, uvsually leal to seticfectory low-specd snray
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characteristics over a wide renge of hull proportions; while high
values, 0.09 to 0,11, usually correspond to undesirable spray
which limite the over-sll usefulness of the ssaplane. There have
been exceptions to the rule, but, in general, the spray
coefficient k has proven to be & useful criterion for the
selaction of forebody proportions and dimensions of a multlenglne
conf iguration. » ‘

It is interesting to note that from equetion (1):

Do
wlL fgb

Hence k eand the severlty of the spray rcmain more or less the
same for different length-beam ratios, if the ratlo AO/Lf b

ic kept the same. A constent value of the product 1%b where L
is the iength from bow to sternpost, also results In constant trim
tracks and rosistence over wide variations in length-beam ratio.

The validity of the products 12b and Lfeb as fundamental

hydrodynsmic peremeters has been further estiblished from tank
tests of the series of hulls referred to previously. '

Effects of powered propellers.- Observations of the
undesireble spray of heavily loaded flying bcats and their tank
modols show cleurly the necassity of powered propellers for tenk
tests to adequately reproduce the full-size spray patterns and to
determine fully the sffectiveness of spray-control devices. For
normel configurations, the rotating propsller bdlades and slip-
streem greatly increase the height and volume of the spray at
taxying speeds, and rcduce the amount striking the tail surface
at higher sposds (reference 12).

An investigetion of the effects of various parametors on the
spray in propellers of & flying boat has shown that the application
of power reduces the minimum gross load at which sprey strikes the
outboard propsllers by some 20 percent. The minimum grozs load
increases approximately lincarly with upward movement of the
propeller position (reference 13).

Typical date csteblishing the sposed rangs as a Ifunction of load
ovor which spray wes observed in the propellers of a twin-engine
dynemic modsl are shown in figure 5. In general, there are two
regions corresponding to light spray which doss little damage and
mein spray which is of most concern. Both sete of boundaries
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converge with decrease in gross load and come togecther at the
loads for which the propellers are clear. Similar data may be
obtained for epray striking the flaps and tail surfaces.

The spesed range and minimum load for spray in the propellers
or for spray striking other componcnts of the airplane, while
not direct measures of the severity, are usoful criteria for
the effectiveness of spray-control dovices, In eddition, they are
vaslly determinsd either in thz powered-model tests or full silzo,
and thus provide comparable data for correlation purposes.

Spray control.- Various means of keeping spray out of the
propellers and off the flaps have be.n evaluated in the tanks and
have been applied full size. In gencral, forsbody spray strips
which have transverse discontinuities to break up the spray
instead of smoothly faired transversc sections to Tuild up a
pressure peak at thecnine are best. One of the most etfective
forms of spray strips investigeted was a vertical plate extending
dcwnward from the forebody chines. Incressing the trim by
increasing the sternpost angle or th: forebody-aftcrbody length
ratio also has a favorable effuct on the spray.

The best method of insuring setisfactory spray and sca-
worthiness for a seeplane is to maintain the propor relationships
betweon the weight to be carried and the dimensione of the hull.

A sound and not over-optimistic estimate of the muximum gross

weight in the vreliminary design etage 1s cesontial to the

optimum design of the hull lines (reference 1). Tho degree of
conservatism in this respect depends of course on the type of
seaplane. The most sfficient aerodynamic design cen probebly be
obtained by use of & small overloaded hull combined with spray-
control devices as required to obtain tolerable spray characteristics.

THE NACA PLANING-TAIL HULL

~ The results of the type of research on“convantional hulls
described have lead to the development in the tenks of an
unconventional form celled the planing-teil hull, which may be of
interest in the personal-airplane field. This hull has a deep
pointed step faired in plan form and a long aftorbody extending
back to the tail surfeces. Tests of models have indicated that
the planing-tail hull has much lower resistance then a conventional
nmll (references 14, 15, and 16); hence it is useful for high power
loadings or for reduction of hull volume. In addition, unpublished
results of investigations with powerod dynemic models have indicated




it to have superior dynamic stabllity on teke-ofi's and lendings
and wind-tunnel tests have shown its drag to te of the same order
ag for conventional hulls. :

A profile of the new hull form and a comparison of 1ts
resistance with that of a conventional hull are shown in figure 6.
In the commarigon, the planing-tail hull has & load-resistance
ratic at the humy speed of 6.5, the highest that has been recorded,
as commared to the usual value of 4.6 for the conventicnal hull.
At speeds near take-off, the resistance of the planing-tail hull,
by virtue of the large afterbody clearance, is of the order of
50 percent of that of the conventicnal hull.

CONCLUSION -

The hydrodynemic resistance, stability, end soray charac-
teristics of a new design mey be estimated approximetely from the
generalized data and experience found in the NACA reports. Further
inprovements in the versonal-airplane 1'leld may be achieved by more
attention to the form and size of hull, balancing of the longl-
tudinal moments, depth and location of the step, end relations of
the loads and proportions.

SYMBOLS
4‘ \

C ross=-load coeffi t ( |
7a%) £r oe cien ;;3/

A% gross load, poupds

W weight of sea water, pounds per cubic foot
b beam of huli, feet

Cr " resistance coefficient (;%3)‘

R water rssistance, pounds

Cy gpeed coefficient (\v/@;%)

Vv water speed, feet per second




acceleration of gravity, feet per second?
length-beam ratio

variation of pitching-moment coefficient with angle of
attack '

variation of yewing-moment coefficient with angle of yow
: . M

pitching-moment coefficient, foot-pounds 3cs

pitching moment, foot-pounds

dynenmic preseure, pounds per squars £oot

wing arse, squarse faet

meen serodynemic chord of wing, feet

yawing-monmt coefficiznt U
’ obws

Pl

yawing momant, foot-pounds

wing epan, feet

ninimm drag coefficient < E?S'

drag, pounds
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AFRODYNAMICS OF POWER-PLANT INSTATIATICNS

By Kennedy F. Rubert

The radial form ..f air-cmoled cngine has had such extanzivo
military application thet the NACA redial engine cowling has becn
widely uced and has undergone intensive develoumont. Oilier engine
configurations have found favor in perscnal aircraft, bub ihs use
of optimum cowlings for thece las been less zenosval.

The fundamental principles of couwling design and ametncds of
analycis are tie same fur all engino configuraticus, and tho
experience acquired in developing cowlings for millitury aircralt
may be applied to the improvement of cowlings for pers.nal alrcraft.
The application of these principles will be illustrated by a
discussinn of a research reported in reference 1, wnlc. deall with
the developrent of cowling for an ajirplans of the light alrplane
class, powered with a six-cylinder flat air-cooled engins. Similar
investigations for representative V-type alr-covled ongines are
reporved in references 2 and 3 and problems of Liguid-ccoled
installations are treated in references 4 and 5.

The investigation chosen to illustratle theoe princivuios vas
ths development of a power-plant installation of a six-cylinder
Tranklin air-cooled flat engine of 130 horsepcwer for 2 radlo-
controlled targot eirplans. This projoct was conducted in the
fall of 1941 for ths Army Air FPorces, Materiel Cormund, by the
Fleetwinge Company and the NACA working in closo cnoporation, A
Tisetwings modsl 33 airplane Tlown at Langley Flold, Vu. by ccmpany
personnel was usod as a flying tost bed for the cowlings and bvaffles
designsd and consiructed 'ndor the direction of the NACA.

The a‘rplane bofore modiTication is sihown in figure 1. Cooling
air was supplied to the top of the ongine througn neose inlets on
sach sids of the propeller shaft. Ths cooling alr passcd downward
across ths wnbaffled cylinders end was dlocharged at tho sides
and bobtom of the cowling. This installation did nct provide
sufficiont cooling capacity to moet the more ctringent requiremonts
of the proposed target airplanc.

The revised installation, designed to incroase the avallable
cocling pressure differential and to decrease tue air-flow and
progsure-drop requirements, ls shown in iigure . A srugle inlet
Tor coeling air was provided directly below the propelleor axis.
Total pressure in excess of that ol the free gircam wag obtained
by locating the inlet as far as possible from the axls ol rotaticn,
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ooﬂeflu¢ng thereby from the more active part of the proveller disc,
oo inled opsning wvas weds as lerge as poseible cungtelimnnte Wil
maintenance of ctable intals Plow in the bigh-cpred level-tlicnt
condition. In this woy, the greatest possible duproc ol oonveruien

of dynemic pressure to static preuswre was talon aheod ol the Iuloy
oy high officiency, theweby greatly .clieving thu donnad 1o

interaal diffu31un which caumnt be done as urL‘C“nL'” Yoz ‘nlci
leeation chosen is favorable to stability of flow at lowv-ialet
veloclty ratios, due to the abssnce ~17 breundary layers ol hub
wakes, and an inlet velocisy ratic of 0.3 was fowd procti.cal.

In lsss feverable clreumstarces, a8 whors spiuner wakes mast b
incssted by the inle®, highcr inlet velucliy ratics Lrs Decosiirg
for stable flow.

Immediataly aft of the indet proper a alffancr .o provided

which,although quite chort tecause of apac; Limitatlon, e mectlivaely
stxll further reduced bhe velocity of tle incoming alr, aad
introduced 1t ints 4 gENerous proggucre Gpide, Or p;pnxm chembar
lucated dircctly wndeor the engins. oo volocily & rlow ' tids

chraber wae so low that the motirating Lopng ter dincoisis:
wag almost sntirsly stacic premsurs, and the asy counld Lo als
tributed in all dir ctions with groa’ unifomelty. Application of
thig principls is esscntial In the doeign of oysicus 1 ﬂllJJL

distritution of flcw among & multiplicily of pesso
couplicated and inefficlent systsu o1 gulde vanss o to Lo av-lded.

Air from tho plurmua chamber was forced upward acrost thu
cylinders, in revorso ol tns dirceticon of the originel installe-
tion. Baffles woere fitted to the cylindors te roustrict tue {low
to that usctully bvp: s34 in puasing over lhe cnuliug ring, and

climinate all avoldwhleo progsure lods,

The air discharged from ths bhuifles flowed ho o figel exitb
through & relacively emall collecting passoge on the top ol
engine., The favorable prescurs radicnt which oceurs in ucculeratd
flow is a powsrful deterrent to fiow losees, und conesqronily,
the discharrce chanbor could bs much smallor than bhe Intake spaco.
The 0xit saown was placud ot the poini whoere the groctrst Quprengion
of statlc vrescur. oFf the cxternal alr etrean conld be oblalned
in the ciimb condition., This locatlicn would be objuctionubls
except in a pilotless cralt because of the dangsr of fouling tho
windchicld, aud [er piloted a*rcwaf* gide or betbem cutleotn weuld
Lo necsssary, althoush lsss uifective,

For thi Ximiled ﬂumber of conditiong Lor wiich hligh
perinrmencs was Jesired in the target olane the 1ix.d oxii opuening
could bu cmployed, bul for most applicwlions contlroiloble ewits




are far preferable. A hinged flap performs two functions, the
Tirst of which is to adjust the area of the exit owening usuch

that the minimun needed cooling-air flow is cobtained. Tie use

of a fixed opening, dosigned for adequacy in climb results in

gross overcooling in high-speed level flight with consequent
excess cooling drag. For example, reference 6 shows that an exit
to give adsquate cooling for a 100-mile~per-hour sea-level climb

is responsitle for a cocling-drag power in level flight ot

220 miles per hour of seven times that necescary. The sccond
function of the hinged flap is to create a.local depressaion of

the external static pressure as it is extended, incrsasing thereby
the pressure available for cooling. TFor deilections up to 10°

or 150 to the swurface approaching the limit of flap effectiveness,
this can be accomplished without serious increase in drag. Ixcessive
extensions, however, mey sc increase the external drag that the
loss or fiight speed docreases the avallable dynamic pressure uore
than the decrease in slatic pressure obtained at the exit. In such
a case, sxtending the flaps slows the airplane down and overheats
the engine. Reference 7 renorts tests of a representative flap
installation which caused external drag equal in amount to all of
the rest of the drag of the airnlane, at extensions wiich are quite
frequently encountered.

Careful shaping of the external cowling lines to eliminate
pressure neaks or local high velocitles insures a cmooth external
air flow, which in a body of adequate fineness ratic gives riso
to little drag. Avoidance of critical-flow regiona in locating
duct sxits eliminates ancther common source of drag.

This particular installetion ls of added interest because of
the ease with which other features fitted into a desiyn »rimarily
dictated by cooling considerations. Figure 3 shows this installa-
tion with the addition of the exhaust and intake system. The
sexhaust stacks which discharged below the cowling were shroudsd
as a protection against fire and to prevent heating of the cooling
air by the hot stacks. Dual carburetors were fed from a manifold
open at the front to the rem pressure entering the plenum chamber
and connected in the rear to the exhaust shrouds which could be
usged asg carburetor-air preheaters. Free swinging doors fitted
with an override control permit connectlon of the carburstors
either to the full ramming intake, or to the hot-air astovea.
Backfire control was obtained through slamming of the free-
swinging doors and relief through a backfire door &t the bottom of
the cowling.

Station-by-station analysis of the internal-:low gystem is
a powerful ald in the preliminary design of power-plant installations,



106

and is equally ilmmortant in the evaluation of exiating configura-
tions. ©Such an analysis, based ou flight lesis ¢l the iawtalla-
ticn under discussion, is illustrated n condensed iform in
figure 4. The method employed ia duacsoibod in detail in refer-
ence 6. In this uype of analysis tie system g divided into
elemsnta in each of which it is possible to state the siguificant
changes of conditions of the air flow, and the cunditicn off the
‘air is wraced step by step from the frse strsam Lo the polnt of
discherge. The resulting information permits calculaticn cf the
dreg {orce and power chargeable tc the internal flow.

Ths first steps in a oreliminary installiution analysis are
setting the physical condltions of pressure, lempcruture, and
speed of the free stream, end obtaining the cooling alr flow and
presswre drop requircd Ly the engins., As ths cooling alr rasces

hrough ihs propellsr 2 boost in toltal rreseure ie obtoliacd wnder
favorable conditions; lacking exact infcrmation il Is coaservative
to> noplset this bocest.

The inlet arsa is calculated frum thz cooling ajr quontlhty
and tho desired inleb-vislocity ratins., Ducting lossor can he
carcwlatcd from data in refercnce 9. Coolling-passase Priasure
logess are upplisd to calculate the totel rrecswre al the duct
exit, corrociing, if reccasary, for cxii ducting longes, which
however are usnally small., From tho dvramic preceure of dlscharse,
whicin i3 tie difference between total presgure within the exit
and the external static proesure, the iischarge veloclty muay Dbo
cailculated., Tiwe necussary exit area is then obtained directly
from the velosity end quentity of diocchergs.

Internal drag 1s calenlated as b3 product of mass Tlew and
the change in velocity from that of {light to thet roemaining when
the prescure after dlischarge roturna to that of the frec slrsam.
The caleuwlasicns of figure 4 were mude from correlatcd LLlight
test data ol tire installeticn described and have an accuracy
much better than could be obtained by sotimate alome., Th. intornal
drag in ths case illustratsd is roushly 1 pound, corrsupondlig
to 1/3 horsvpower at thu 110-milo-psvr-hcur £light spesd.  Thirs
lovw velu:> for intornal drag shows that tho dreg characterictic
is well withiin toleruble limita.

Pusher aircraft, particulerly of the coarlane type which may
bo required to taxi for extended perioeods al tuirly hLizi power
nzed some means for augnenting the cocling ailyr £ficw et low for-
ward gpecds. Where the geomstry is favorabls, cocling lang,
discussed in reforences 10 and 11 offsr the most <bviong solutlon.
In wnsymuetrizal ingualistions such as that doscrib:d herein,
exhaust ¢jectors moy be cmployed. A theory of exhaust ojuctors
iz given in referenco 12.
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Other papers of value or interest to the installation engineer
include reference 13 on cooling fin design; references 14 and 19
on cooling-duct exit flaps; referenco 16, which gives the NACA
cooling-correlation theory, ty means of which engine-cooling air _
requirements are related to operating conditions; aud, rcferences 17
and 18 which present practical application of the thoory to multi-
cylinder engine installations.
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Figure 1.- Fleetwings model 33 trainer before installing target-
airplane power-plant arrangement.
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Figure 2.- Cooling arrangement for cowling as developed for use on
, target airplane.
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. Figure 3.- Induction and exhaust system arrangement in target-
airplane cowling.
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Figure 4.- Internal-flow analysis.
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ICING OF ENGINE INDUCTION SYSTEMS

By Willson H, Funter

The need for bstter ice protection for light =~irplene
induciion systems wus clearly reemphasized by roports that in
1945 there wore ovar 195 forced landings of personal alreralt
due to this form of icing, as compared with no ferced landings
of transport aivcrart for the same cause despite thelir operation
through more inclement weathor. Anelysis indicatee that this
striking difference in perfermance is attributable partly %o
Inherent differences ‘n lcing characteristics of the two induction
systems and partly to differences +n skill ~nd training between
Irivete and Uransport pilots. First, let us examine tho
differences in icing characteristics.

Most conventional induction systems contain th: same begic
elements dut differ significantly in tho mannor of admitting
fuel to ths syscvem. Ve will first goms ider a typlcal 17¢ht alr-
plane Inducticn systsm in which the fuvel feed is cruced by
venturi suction. The basic elements of thic syctem comprise:
a cold air intake; a carburetor which meters the w«ir, oroportions
the fuel spray end throttles the air flow; wuni a menifo.d for
conveying the fuel-air mixture to tha eneine cylindore.:

Three distinct types of ice can form in this syctem: impact
ice, throttling ice, znd fubl-svaporation ice. Impact ice will
form whenever vwisible water droplets in air below 329 T impinge
and freeze on cold surfaces at the alr intuike, inside the duct,
and on the curburstor parts. The rote of Immact ico fovmation
will increase with airspesd and weter content, will bo most
prevalent above 15° F, but cen bs expected et tomporaturcs well
below 07 F, Any air filter or screcn in the cold »ir ‘nlst will
quickly become blocked under thease conditions, but the pilet is
immsdiately warned by the presence of ic: clsowhers on the alreraft.
The privete pilot will usuelly take cvasive action undor theso
circumstances. Dry snow and slect present a similar problem in
the casc of the filter but ars not gencrally scrious othorwlse.

Throttling ice forme whenever the effuctiv. tumpurature drop
due tc the cxpension of moist air through the curburetor ventur:
and through a partly clossd throttle is cnowh to condinse water
and frecze it at or beyond the throtties. Analysias snd xperimuonts
=how thot this phenomznon can occur in clear air but is Limitcd
to inlot air temperaturssbotwesn 320 F nnd 400 . rottling oo
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can form ’n any eystem in which mstal surfaces downgtroam of the
point of minirwa pressure are ccolud below ifreezing. The
throttling process is most iwportant, however, because it
contributes at all tempsratures to the more prevalent and serious
fuel-evaporation icing pirocess.

Tuel-evaporation ice forms whenever the air and sdjacent metal
surfaces are cooled below frsezing due to the evaporation of [uel.
When this occurs additicnal water condenses from ths alir and
freezes, togsther with eny ingested rain. 3ince a finite time 18
required to cvaporate fuel, it is to be cxpeccted thet in & rapidly
roving air strsam serious cooling would develop only woll beyond
the fuel spray. In a well designed system »perating at full
throttle this is actually the case, but at part throttle, in tho
syotem we are congidering, fuel impinges dlrectly cn the throtile
plate and ed@ics in the turbulent region boycnd the throttle in a
manrer thet boith incrcases and localizes the refrigoration effect.
At very low air flow or high watsr concentrations, ice may form on
the fuel nozzls iteelr sufficiently to obstruct fuel flow. It has
bern learned that fuel-evaporation icing is eggravated by more
volatile fuels but is not significently affected by incr-ase in
fusl-air ratio or by fuel temperaturs. Our experimcnta indicate
that in meny induction systems fuel-evaporation ice occurs in
clear air at inlet tcmperaturcs ss high as 100° F. Thue it can
be seen that induction system icling is a yesr-sround problem und
iz not necessarily associated with bad weather, or clouds, or sny
particular geographic esrea. This explains why inexperienced
pilote are so easily fooled by induction-systom icing.

The three forms of icing will all produce a loss in engine air
flow at o given throttls sstting, but they may also seriously affect
fuel metering, froeze the throttle, or upset the even distribution
of mixture to the cylinders. Large emounts of impact end fucl-
evaporation ice before or after the carburctor will cause little
effect on air flow at part throttle beceause the system is thon
hundling only & frection of the design air flow. Howover, small
amounts of ice on the thro%tle edges will quickly obstruct air
flcw end may freeze the throttles.

During cruising flight at constent altitude, a lose of air
flow will be detected @s a loss of engine rpm and airplene spezd.
An alert pilot who does not suspect what is happening will have a
tendency to advance the throttle to regein powcr. This process
cen continue intermittently until the throttles stick or until full
throttls is attained, but cruising powsr mey continue to be lost
until forced landing is nocessary.
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ith the natural aspirating carburetor we have been discussing,
ice may have interfered with the fuel feed, during the previous
example, until rough or aerratic engine opecration resulted in
backfiring or complete engine stoppage. In some caves pllots have
recommendad lsaning out the mixbture exzcessively to force backfiring
to blast ice formstions loosa. This practice 1s too hiphazardous
and ¢angerous from other standpoints to merit any consideration eg
a meens of ice protection. '

When an engine 1s idling or being operated on the ground for
long periods at low power, the induction system can become
loaded with ice and later fail to develop full throttle power
during takec-off because ice is throttling the air flow. During a
long glide, if the engine is throttled back and held at or neer
1dling, it can become iced and coolzd until complete engine
stopprage occurs and power can no longer be recoversd. These are
conditions that confront the inexperienced pilot.

The common remedy for induction-gystem icing, available in
all aircraft, is for the pilot to exercise Judgment at the proper
time to de-ice the system and prevent further icing by munuelly
valving to an alternate source of air which is heated by an
exhevst shroud. If the valve is not frozen with impact ic2 end
can successfully shut off ths cold ranm air, and if the engine is
still devsloping enough powsr to provide suificicnt exhaust heat,
the system will be quite effectively protucted aftcr about
30 seconds. Ono dofect of this method of protection , aside from
the fact that the pilot must remcmber to turn it on and off, is
‘that full hot air in sea-lsvel engines may lengthan talke-off
distence and rsduce climb dangerously for short runway operation.
Coupling th> hot-air control to the thrcitle go hsnat would bo
applizd automatically at low power, y.t could be mrnuelly g lected
when nsedcd would help a groat deal. DBut this is not cnough;
better means of protection are nezdod for persenal alreraft.

Tf fuel is injected under pressure et o polnt downctream
from the throttls, the refrigeration effect of fuel-vvaporation
in the carburstor body and on the throttle plati will de
coneiderably reduced and the greater injection proesaure and
shiclding of the fuel nozzls will help preveont stoppage of fusl
flow. It will be apparsnt, however, that impact ice und
throttling ice ars not at all prevented by this change in fuel
inJection, although the seriocusness of thelr s1'fwcts on eir flow
end fuel metering '8 greatly roduced. In esgencs, thia repregents
tho prosvurs carburetor whichhas bosn standerd cquipment on
trangport aircraft for meny years end was rocently mede available
in smzller sizes for light alrcraft. Whereas 150° F air is
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specified for ths protecticn of natural aspircting carburvetors,
oniy 130° F air is required for the pregsure carturetor in thic
form, .

Some transport engines now embody & further improvemont In
pressure-carburetor fvel injsction. The furel nozzuie j¢ remotvsd
entirely from the vicinity ol ths carburator cnd fu-l iz admittcd
through a opinner or through the impeller directly into the
supsrcharger. Since the supercherger Is heated by the comprecsion
of air, fuel evaporation is entirely elimirated. A radical
reduction in heat requirsments is thus made posuible und tho cnsine
is frec frow icing above LO° F. Unfortunately, sew-level mEineg
cannot teke advantege of this improvement until moans ere provided
for properly proporticoning the fusl amonyg the sev.rzl intake pipes.

A still furthor improvement in ice preventlon can be
accomplished by vtilizing meens other than the cerbure tor for
netering and then injJecting the fuel into cr near the cngine
cylinders. The cpecd-density metering systom doveloped hy the
Royel Aireraft Bstablishment, Farnborough, io such 4 aystem end
1g currently Lelng fitted to ecme rathor emall cnoctnos,  Ellminating
the venturi air meter reducas the scriousness of improt sce 2nd
climinutes one cause of throttling ice. Ths huat roguiv.ments for
this system are still lower bhut ice on the throttlee will stlill
require heating them, a Job the British are doing with intcrnal
hot-oil cirveulation. It is gratifying to l.ern thel w now
simplified form of full fuel injection 13 now availabls 'n thio
country and has already becn adopted as standard <quipment on fonr
mekea of light aircrsft. This ls a long and commendable ctep
towards meking safc flying easicr for the privete pilot.

The complete simplification of the induction-syct.m icing
rroblem lies in excluding watsr from ths enywine alr intake In
combination with the last montionad fuel-inj.cticn syztoem. Water
cepuration by meens of iudlcious all scoop deoign has alrcoady boon
investigated by Navd =g will be explaincd later end ror ereh
continues alonz these lines.

In 1941 tho NACA begon a broad investigetion of induction
system icing at the Bureau of Standards and continucd the roe-arch
st the NACA Clevolund Taboratory in late 1943,  &Some of the results
are now avsiiszble as declessifled Advenco Rustricted Reoorta while
ths majority of the rosults, obtained for the /Army Alr Forcos, Are
cxpectad to be issued soon as Wartime Reporta snd ere alco being
cummarizzd in a Technical Note. ITn addition a 16 nillimcter scund
rotion picturc for pilot information wag prepar:d tiarough the joint
_fearty of NACA and the Air Materiel Comrwnd showing induction
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system icing and de-icing as seen through cpecial trancparent
carburetor and engine parts, It is hoped that thin f1lm may soon
be declassificd and made yenerally evailable for pilot information.

For the purposes of this paper several Tigur:s have been
prepered to illustrate typical ressarch results., Figure 1 chows
the benefits of weator ssparation in preventing impect ics within
the induction system of a largs twin-engins carco aircraft. The
top left 1llustration shows the reletive paths of water and air
into the standard sccop entrance; next the reoulting impuct ice
obtainad during teats in the Cleveland Icing Research Tunnel; in
the bottom photograph ice almost completsly blocks the carburetor
screen ebout 3 reet downstream of the intake. On the top right,
water and eir streamlines are shown for ar experimintal form of
undercowling scoop; next, typical impact icing on the exterior
cowlinz swwrface; and, bottem, a complete ebsence of scroen ice
wnder ‘dentical test conditions. Ninety-five percont of the
frevzing water was excluded by this dosizn with no loss of ram
in cruising flight conditions for critical cvltituds. This ig the
Tirst step toward a. truly sheltered, water-excluding uir intake.

Filgure 2 illustratss typical serious impect icing, with and
without the carburctor screen, of a throc-borrel pressure carburctor
with spinuer injection.

Figure 3 shows serious throttling end fusl-evaportion ice in
the supsrcharger inlet elbow (top photos) and underside of & two-
barrsl pressure carburetor (bottom photos) for three test conditions.
The two pictures at the right illustrate the result of continuelly
opening the throttles to maintein power during icing conditions;
the throttles finally froze in the position shown and could not
be returned to normal when a lerge plug of ice brok. loosc and
permitted air flow In excess of cruise powery.,

The limiting icing conditions for this engine and pressurc
carburetor are shown in figure 4, for three power sottings.
Carburetor air temperature is plotted verticaelly and water content
of the air, horizontally. To the lef't of the contral verticel line
ers clear-air conditions; to the right are cloud and rein
corditions (simumlatced rein Injections in carburctor alr inlet in
grems por minute). It is important to note that lce wes observed
for cloar alr conditions at inlet tompuraturss of 100° T,
Increasing power by opening the throttles gienerally roduces the
temperature at which ice will foim in the system. Threttlc oponing
has little effcct on the icing limits with large amounts of wator
pre3ent.
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If you will disregard the complexity of fligure ) you will
note thtt carburetor air temperature (C.A.T.) ls apan plotted
vertically and water-air ratio horizentally. The cnurved linos
sloping uoward from left to risht represent constant psrcontasce
of reletive humidity (R.E.) from 10 to 100; clear alir corlftiong
to the lef't of the 100-percent line, cloud and rein to the
mt. Ths lines sloping downwerd from lei't to right are lin.g
of constint enthelpy H. The aix heavy curves represcnt the
uprer temperature limits for the ocowrrence of s:rious induction
eyctem icing at cruise power for cix different engine carburetor
corbinations. It i3 importent to note that four of the encince
exhibit serious icing tendencies in clear-air conditions. The
imprzssive Improvemsnt from the topmost curvs to the lowest curva
lg accounted for by thz uss off spinner fuol injectien in the
latter cose.

Despite the gencral seriousness of the icing characterlstics
of these military end t“an°port indnction systems it must to
reallized thet hi hly trained pilots, adequate curburetor heat,
alcohcl eprays fow emerencey de-icing, and goed inatrumentation
ingure safo operstion., It would not by ressonsdble to oxpect
persenal alrcreft to b operated as safely with this socme
equirment hecauss of the olative inexperience of the averagu
private pilot.

Iff you will psrmit, I should lik: to revisw a precedent
establishzd by another personal vehicle which haz somewhot similar
blsma. The dictates of freedom from abrasive wear, operaling

11LJtn 08, and freedom from bacifire dangers, lony ago crused

the sutcmobil. menufacturecrs to adopt the now femiliar alr.cleuner,
silence and backfire scresn combination. All-woather usage of
avtomobilag mads it good practice to locate tho alr intake in the
warm sheltersd ares close to the top of the heood. lase of starting
with low volatility fucls =znd rfreedom from the abuee or forrutfulness
of incxperioncsd drivers led to the gunerel adoption of the
antomatic choke wnd thormostaticully -controllsd hotspot. Bven
thovgh first cost still dictatas the usc of natural ~opirating
czrburstors the bad ic'ng qualitics have beem dequately offscst by
the automatic chole and hotspot which prevent scrious icing during
cold starting =nd at low ongins powsr. We oll realize that tho
procent day uutomob;lw induction @ystxm does purmit troublu-free
opsration of e¢nmines, comparable in siz: to thoc: in mout ngh*
airrianss, by poroonnelpossessing far losg skill »nd Judgnent than
comronly exvocted of privet: pilots., This cxumpls, demonstratod

ty millinpe of autcmobiles, is worthy of our cureful conoiderction.

’*3
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I d¢ net hold up the cutomobile induction aystam neccsanrily
as 2 model to copy. The elementy ol such a wystem cre all ot hnud
and the principles are underatcod. It is possible that a very
satizfactory imduction system for perscnal aircrift will contain
the followirnzy features:

(1) & single, warm, sholtored air intake in o roamed plemunm
clumber, )

(2) In zir-cleaner unit which alsc serves to silence the
eir intake and to extingulsh backfiren. '

(3) Scue type of cpeed denuity euteriny device roplacing
the carburctor.

(4} Tuel intection at vech inlet valve.

(5) A simple throttle becdy integral with the engine cnd
wvarmed by it.

{6) £~ theriostatically controlloed hotapet to insure zocd
fuel veposization at low elr tomperatures snd to
¢ifninate reed for piiot attention to induciion-
system icing.

The rewerd for auch a des’gn will be sefar flyilug urd reduced
training time for mroy future pileots and an importent civp will
have been taken toward the goel of the ail-wenther personcl
aircrafi.
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Figure 1.- Effect of scoop design on carburetor screen icing.

C.A.T., 299F; R.H., 100%; simulated rain injection
500 G/M; air-flow reduction, 50% in 6 minutes

C.A.T., 31°F; R.H., 100%; no simulated rain injection,
air-flow reduction, 26% in 15 minutes :

Figure 2.- Impact icing in P. & W. R-2800-51 induction system at
low cruise power.
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C.A.T., 400F C.A.T., 37°F C.A.T., 40°F
R.H., 100% R.H., 100% R.H., 100%
Water, 350 G/M Water, 650 G/M Water, 0 G/M
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Figure 3.- Typical icing in V-1710-89 induction system.
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Figure 4.- Limits of visible icing in Allison V- ~-1710-89 inlet elbow
and carburetor with AN-F-22 fuel.
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PROSPECTS FOR NEW TYPES OF PROPULSIVE
SYSTEMS FOR PERSONAL AIRCRAFT

By John C. Sanders

The dominence of the 1 ciprocating enginc as a power plant
for aircraft has been threatenod in the past few yocars by newer
types of propulsive systems. Tho new turbojet englne ig lesg com-
plicated than the large reclprocatins onglned, and unicr hish
spoed flight conditicns thils new engine has a lower ratio of
weight to thrust. Since tho qualitics of 1ight welight and
simplicity arc sought for personal airplanve, a preliminary review
of the characterintics of some of theso new englnca has buen made
to provide a beels for a scientific gueos as to whothor research
on the application of them to personal ailrcraft should be conducted.
Congsguently, the conclusicns of this study arce not dirceted toward
reccmmendaetions for the sdoption of the new engines.

The list, which is far from exhauwstive, of the cngines con-
sidered in this preliminary etudy, includes the turbojet ongino,
the buzz-bomdb cngine, an application of the ram Jot, and o gas
turbine driving a propoller. No conrideration is given to the
possibility of improving the reciprocating engine.

The study glves an analysis of englne performance but neglects
other impertant considerations such as cost, safoty, and noise.
The porformence characteristics ceonsidered are fuel congumption,
thrust-weight ratio, aireraft rangs, and maximum speed. A basis
for comparison is achioved by specifying that the soveral englnes
must have the seme stutic thrust cqual to that of a seolocted
reciprocoting engine and propeller, Those engines arc consldered
applied to an airplano weighing 1200 pounds, and having cruising
and meximum spceds of 95 and 10% miles per hour with a reciprocating
engine,

Figure 1 shows a comparison of the apecific fuol conoumpt ions.
The reciprocating engine is shown to have o lowor fuel conguwaption
than any of the other enginee. Thils virtue is 1ikely to hold this
enginc in a position of great importance for a long timc, The
explogion ram Jet has a ridiculous fucl consumption of over le pound.s
psr horsepower hour as compared with C.7 pounds per horgepowoy hour
for thoe reciprocating ongine. The turbojet enginc also hae o very
high fuel consumption. The gas turbine driving a propellcr hng a
fuel consumpticn of 1.3 pounds per horscpower hour. This filgure was
estimated from component efficiencics obsorved in tosts of the small
turbojet engine considered in this study. Improvement of tho
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efficiencies of these components may oventunlly reduce the fuol

.congumption to €.8 pounds per horsepower hour.

Artista! improssions of how the turbojet cngino and g¥ne
turbine driving « propeller would be installed in a peroonal
eirplene are shown in figures 2 and 3.

Discussion of the rem-Jet enginc hag been poctpenad uritil
now because the cheracteristics of this engine must be ceasiderod
in some detail. Figure b shows the cffoct of alrspecd, exprecsced
ag Mach number, on the Tue” consumpbicn. At a Much number of 0.13,
which corresponds to o flight speed of 100 milee por hour the
thooretical fusl conswmption is shown to be at the very high

figure of 80 pounds per Lorsepower hour. Reoeoenabln fuel con-

sumptions will be schieved only at eperads cbove o Mach nwaber
of 0.7.

A plan for utllizing the ram Jet on glew-specd aircraft which
has been suggested frequently is to attach ram Jets to tho tipe of
the propcller dlades. Then Mach numbers above 0.7 could be realized
gt the ram jet with the airplene traveling st only 100 miles per
howr. An enginc cubedying a similsr idea ie shown in figqure 5. In
this ¢ngine air is induced into the hub and pumped by centrifugel
action through hollow bladece where heat 13 apviled by ccmbustion,
and the Lct air is eJjected from tho blade tips. Estinates of the -
porformance of such an engine, accounting for burner =nd windage
losses, indicate that a fuel consumption of 3 pounds por horospower
hour might be expected. This value is campared with the fuvel con-
sunpticns of the other engines in figure 1 and is oshown to be much

~higher than for the reciprocating sngine.

A comparison of the ratio of welght to static thrust shows a
d1ffer~ut order of merit than found in the study of fuel consumptiona.
In this comparison shown 1n figure 6 the static thrusts of the several
enginec ars cqual. The reclprocating cnglne with 1tg propeller is
chown o be eaually as heavy as the explosion ram Jet {cr buzz-homb
engine), and that thosc erc the two heaviest engines congidered.

The turbojct cnglne is somewhat lighter amnd thoe Jot-operatod
vropeller is much lizhier ithan the reciprocating engine  The
welight of the turbsjet cnglne was obtained Trom the actual welshing
of a turboiet ¢neine of the size used in thia analysis. The buzz-
bomb welght was obtalned from the thrust-wolght ratio of o buzi-
bomb motor. The weight of the cas turbine and propellor was ¢otl-
mated from the weight of the turbojet engine, allowing for the
weloht of ¢uaring and propeller.
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The two characteristics just considercd of fucl conammption
end ongine welght may be reduced to a cemmon term by campniing the
weight of the enzine plus the fuel required for specified flipght
dietences. Figure 7 shows the results of esuch cumput~tions. In
this fignre tihe atssisse is the range for whilch tho airplane 1o
decigied to fly and the crdinate is tho welght ot toks-cff of tho
entive vower systom, including engine, rropeller, uccessorion, snd
fuel tonks with fuel. In the case 'of tke reciprocating engine 1t
mey e seen that if the airplane were designed to fly 300 mileo and
had o full load of frel on bonrd, the welsht of thh entire powsy
sycters woeuld be 240 pounds. The weight-rang: charactoristics ol
the oxplosion . rem-Jeh enging are shown in the top curve. Tlttle
can be sald to reccmend this type of engine on o woight-range
basis beenuse thse inntial weight is apuroximatcly oquivalent to
thet of ths cther engines and the fnel load ruouired 1o extromely
hich. In foet, ©or ran.cs of 300 miles cr grustor, tho weight of
the oower plan® would considerably excsed tho wolgao of the
rermaindsy of the airplane. Tie turbojoh wngine ic olown tc ho
Detter then the explosion rem-Jet engine but is heavier thun the
reciprecating enzinsz.,

The lov weight ~f the Jes-onerated oropeller without fusl
opens & poacibility Jor it use in oplie or 1to high fucl con-
suzpticn. It wey be seon theb at a raage of 150 milea the welght
cf the jot-opersted propeller end iva fuel wonld be no greotor
than that of the reciprocating ensine and for shortor flishts the

st prepeller would he Lighter. The gao-turbipe driven prepellur
is rere ognin chown %o be 2 close couprtitor to the reciprecnting
encinc. The same gurlifications as to tho cccuracy of thece caleu-
latione nust bo made as belore. The performaince of thece twn power
plants is cutimeted teo be svfliciently near equality thot no slani-
ficont differcneas should be pointed out from this Tlgure.

The comparisons so far made have boen quite unievorazble to
Jet oropulsion and the cource of thy difficultice have arisen frem
the vory low static thrust and high fuel conawmptions at flight
gneeds below 100 miles per hour. Wnen, however, Joh-propulelon
engines =r: uzed which produce the sume ebatic thruct e the
propeller engirca, the nower available at crulsing cpsed with the
Jot onglnes is conodlersbly greater. Thus the nuximam flying speeds
of tho alrvloncs cquippod with the Jet englncs herein described
would be gructor than for the propeller-deivon alreraft, Flauro 8
shows the cobimnted mexirwa flight speeds using theoe enginea. It
may be geen thnt the cxplosion-Jjet prooulsion cngine would achlove
a flizht specd of 150 miles per hour znd the turbojst ungine would
achicve L42 mileg por hour as compared to 105 miles por hour for the
three propeller englnes. '
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Tn czating up the accounts for the several enainss discussed,
1t appears that where renge ig a factor the reciprocatin: engming
will be as good as any of the others. 2Lts chiof competitor arpeurs
to be the ses-turbine driven propeller snd the Jet-cperated
propeller. The Jet-oparated propeller will not be ngeful for
long-rezge flighie but its samplicity will tend to noke 1t a
cheaper engine, thus meeting one of the reqairemcnts of the future
engincs. The gas-turdine cngine appears to be a closo conpatitor in
weight and Tuel-consumpiion cheracteorigtics but I heve ro idea
whet the comparative cost would be. Jet propulsion might be ugeful
for high-speed alrplanczs with short ranges.

In cloeing, T would like to ceution you that these Tigures
arc estirntes made Tor the purpose of detormining whether rogearch
on any of “hege engines should bo comeidered for the purpos: cf
encouracing vse of theic angines in 1i ht elrcraft, The atudy
indicatsrs this the geu-turbine driven rropellcr cna the b
prop.llor warvant furtier study and research, Such & reccmmendation,
however, i3 mede only to resenich organizations, since the underteking
of the development of these engincs at prosent would be extremely
costly and further rescerch may reveal tho impractleality cof
applring them to the rarsgonal eirrlune,

STMBOIS
Cp | -Arag coefficient D/cS
D : drag, pound
Q snemic prcgsure, pounds per squerc foot
S wing aree, squercv feet .
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Figure 1.- Representative fuel consumptions of several power
Airspeed, 100 miles per hour.
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Figure 2.- Turbojet-propelled airplane.
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Figure 3.- Gas turbine and propeller arrangement.
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Figure 4.- Steady flow ram;jet fuel consumption.
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Figure 6.- Ratio of power system weight to static thrust.
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Figure 7.- Range-weight comparison of several power systems.
Static thrust, 372 pounds; cruising drag, 153 pounds; cruising
speed, 95 miles per hour.
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CURRENT AND PROPOSED NACA RESEARCH INVESTIGATIONS OF
INTEREST IN PERSONAL-ATRCRAFT DEOIGN
By Harrison C. Chandler, Jr.
INTRODUCTION

The NACA has received from scveral industry and Govermsent
organizations a large number of suggestions for rescarch on a wide
variety of pversonal-aircraft problems. In our study of tise
reszarch suggestions we have been interested, first of all, in
determining the extent to which NACA wertime research, results of
which are now beconing generally availuble, will aid in providing
solutions to the problems submitted. During this coenference it has
been shown that a considerable amount of the Committes's research on
military-aircraft problems is of direct value in the design of
personal aircrofu,

Next, we have examined our current and contemplated rescarch in
various fizlds t» determine which of these projects arc applicable
te personal-aircraft problems, and in some case:s the scope of the
projects has Leen extended to make the results of the research more
directly applicable. In addition, several investigations have been
initisted by the Committee's laboratories specifically to study prob-
lems whish are peculiar to the light airplane field. I will discuss
very bricfly, first, the surrent research in various fields which is
of intevest in this connection, and,later, will turn to the projects
aimed directly =t the personal airplane, '

RESEARCH HAVING APPLICATION TC PERSONAL-ATRCDAFT DESIGN

Stability

Tu view of the large number of variables that can bes changed in
designing the airplane for good stability charactsristics,both power
off and pover on, i* is extremely difficult to arrvive, Ly analytical

means, ot the more favorable configurations for stability. The Lavgley

Leboratory is, thercfore, making a collection of the data of the many
powered wind-tunnel rodels tested during the war. Those data will be
analyzcd to detormine the tetter configurations from the standpoint
of longitudinal stability and also to determine the significant factors
that contritute *o good stavility characteristics. A similar study
of lateral stobility is also being made, with a large part of the
work, in this case, beirg done by the Anes Lehoratory. One of the




portions of the Ames Lahorutory's lateral stobility research 13
directed toward the problem of rolling moment due to sldeslilp,

toking into account the efrects of Ilaps, wing Jdihedral, ongine power,
and other contributing factors.

At the Ames Laboratory a preject allicd to sbability has been
initisted to provide a design basis for alide-poeth-control devices
and flaps having minimu effect on airplane trim, ‘This preblem 1o
regarded as particularly important for personal aipreraft from the
standpoints of both safety and utility.

As a pert of its research program on stability problems the
Langley Laboratory has made some speocific tests denling with (1)
the effacts of tail length, (2) the effects of ongine tilt and skew,
(3) the effects of wing position, and () the effects of high-lift
flaps on longitudinyl and lateral stability, with particular attention
to the changes in stability that oceur when pewer iv applied, These
projects are being reported individually.

ing an undercteading of power effocts
on dynamic longitudinal stubility the Lenglers frec=Tight tunnel is
conducting a flight study with a representetive airplane model,

In order to assist in reaching

Wing Design

Tho Langley low=turbulence tunnel is extending its investigation
of the characteristics of airtoils to a low ringu of Rovnolds numbers
in order tc prov.de design data which will be directly applicable Lo
personal aircraft over their entire speed ray. Ar: investigation
alzo is under way in this tunnel to provide rescarch data for airfolls
fitted with a wide variety of types of high-lift c.vices. In addition
to this research, work is being corrizd out in the Tow=-turbulence
tumn=l on boundary-laycr control as & means for cytouding the meximum
1ift of sirfeils. As you know, high-lift is an impertant provlem in
the design of light airplanes.

Controls

Allied with the problem of obtaining hipgh 1ift is the problem
of providing suibtsble lateral-control devices to be used in conjunction
with the high-1ift devices. Spoilers, as ir. T»ll mentioned, oither
aione or in combination with the so-called "feeler" allerons, appear
to be the best solution for this problem. One current study denls
with the effect of length and spanwise locations of speilers.,



e

@

1

Propelliers

Mr. Crigler has outlined in his J"per the results of rocent
NACA research which are regarded as most suitable Tor the sclnetion
of propellers oi high efficisncy. The propoller gelection charts
which were prepared in this research have been found to require
extension to a lower range f propeller advanc» rutic (V/aD), of
the order of 0.2, howaver, in order to be fu1ly auplicable to pro-
cellers of persoral aircrafi. This worlk will e .‘durta”uu.

Seaplanes
The Langler Laborat-ry is coniinuing i{ tostic research studies

on the performarce of seaplane knlls, which vas Jegeriliad vy
Mr. Parkinson in his paper. Tais research in 1ados asgrodynamic tests
of hull modeis ir a 7= by 10-foot wind tumnel, as well ag furtiter
work in the MACA towing btanks to study,hydrudvnnm*u characheristics.,
%cv“ral "wch projects are currently in progress and include zueh

items as further studies of the planing-vaill hull, hyﬂvodynavi“
chﬁ*ac,urintics of planing surfccus and a syntanduic tudy of alter-

Lody forms of flying-boat hulls.

Power Plants

Scveral invesiigations in the field of power plarts now in
srogress in the NACA Laboratories :r. of iaterest in personal-cir-
cralt desisn. One of these projecis, a study of now to”no of
vr>nu¢51V( aystens, has just beon doseribed Juoa papoer Ly Mr. Sanders

and, & e'“fo“c, requires no furlher claboration on my part.

Interes’ in safety fuels has tcun revived since the war, sund it
nas been recommended that research cu this problem be carried cut to
provide a belter basis for nwe of carety fun] in personal-aircraft
engines. The Cowmittee't Jleveland Laboratory hes recontly nade
engine- oerfOWHange tests with a safety fuel, uud ithe results of *hls
work siowsd that the engine pe“fo*wa 1ce, wiih an EljbCEIAQ‘+’jO -
i‘ncllyr in Lhe supercharger, was egqual to that of the »mzine using
normal high-test gacoline.

T will rresently discuss two further power-piant projects of
interest to ﬂergonal aircraft, theue projects being wmong the several
investigatiors directed uoward provlems poenliar to personcl ajrcrait.
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Icing

Although present typer of personul airera’ arc for all practical
purposzs rot designec for uperation in inclerent weathor, 1t 1s
nevertlieless necsssary to consider that personal aireraft of the future
must be capable of hoth fair- and foul-weather f1light in order to
realize a satisfactory degree of utility, ana, also, of conrec, safety.
The Ames and Cleveland Labovatories at the present time are carrying
out a numher of investigations on the protection of aircraft against
icing. Ffrom the rosults of the work already corpleted, ot can be
stated in general thet the use of heat in varieus forus has Leen

found to provide the most elfective and deperdal.le means of icing
protection for all sirplane components, including the wing and tail
surfaces, propeller, windshicld, radio antesnas, insbruments, and
engine-induchion system. 1t is beiioved thut themat ice-protection
equipment for aircraft can be desipgned for reasonably low weight as
comparad to the weiphts of other anti-icing and do-icing systems.

RESEARCH DIRECTED ISPRCLALLY T0 FURSONAL-ATFORAFT PROPLENS

I row wish to touch briefly upor the several resaarch Investiga-
tions currentlv in progress in the Committaen's Lahoratories which are
directed toward soiution of problems peculiar to personai aircraft.

Spinning

Ths flret of these projscts is an investigation of spinning
charsctoristics of perscnzl xireraft. Mre. Noihouse han illuntrated
in his propeor & oriterion of relatively simple oppllcation for cpin
recovery. This criterion, ad he mentioned, wos bosed primarily on
revulte of rescecch conducted on militoary airplencs. Research ic
being divectod ot thy preaent time toward verification of thie
eritorion for severnl typleal light airplenc configurations, which
are cxpucted to includs low- and hizh-wing trector eirplancs, twin-
te11 boon pusher ~irplance, =nd amphibicns.

In wddition, these typiczl light airplens configurctions nre
being viilized In & study of means for muking personsl alvernft
incapable of spinning even 1if astalled,
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Moise Reduction

The second of these projects is Lhe research on roise reduciion.
iicated in th2 papers presented by Mr. Pegler and Mr. Vogeler,
eagley Leborateory receatly has condncted resanrel, Lo determine
magritude of the noise propagated by the propaller and e
2 cxheast of airplancs and, sccondly, *o indicate means for
ducing proneller nuoice, inusmuch as the propaller has bean fond
AT to he *he worst offender. This reseacch wiil Le consinurd, particu-
o larly with a viow toward pursuing further the mere promis ing sclutions
to tre problem. I i3 contemplated thet this rogearch will include
teste on a typical rer onel airnlane %o measurs the sound Tevals of
the various devices under actual opersting conditions. lobh “ngine
exhaust and Dropellcr noise will be given attention in this rasearche.

Airfoils
As indicsted nreviously, the Lanley low=turhulene: tunnizl is
ext“xdnug its investigaltions of the clia ractoristiss of airfoils to
lﬂu range of Reynolds nurhers in order fo nr>"Luv airfeil data

. which wilh b direstly anpiilesbie te oo design of pnrroz11 alreeaflt
wings oves the aentlire npeﬁn ranee of 1Lqernvt Both the loir-drag

- ard conventioral types of alrfoils are btoing incivged in this investi-
goticn., Yhe resulte of this research ars also wxnucted to be of
velue in the interpeetation of wind-tunn:l tesls on airfoils carried
out at smilil seale.

Jet-Fjector Cooling of Fersonal Aircraft Ingine:s
The fcurth pro,ject is an investigation heing casriood out by the
Clevelond Lehoratory to study the application of Lre let-ejeclor=
. type t:'ool;‘_n(~ syaten on perconal cireraft. In this mothoc of ‘“"Lne
i cooling the energy present in thg axhaust gas i hurncascd Lo niice
' flow of COOll“g sir throush the cowling ﬁxonud Lhe engine. JJu
elector cocling zppcars to offer scve sval advertag:s over chther engine~
0L INT SYSLOnS, 1nuluu1ng reduction in cooling drag, design ,Lrpllclty
Becauzn of the absence of moving parts, low weight, ana p ossibly som
noise lampening. The NACA LakorﬂtorLes have carricd cut a certain
arount of researah on Jot-ejector ccooling for a lavge aivers ft engine
installotion, and it is planned to utiline the re: sults of that rosearch
. ir this investigation.

f -




Icing of Light Aircraft Engine-Induction Systemns

The last of thesc projects, and one that is regardad with great
impertance, is dr LNV’QtLga+lGQ of merns for protection of light
aircraft engine-induction syctems against icing. kr. Willson it.
Hunter has a]ready indicated in his paper the nature and objectives

of this investigation, which is now being srganized at the Cleveland

Laboratory.



